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Moving sea ice causes high loads on Arctic offshore structures when it breaks
against them. Many of these structures are built in relatively shallow water, which
affects the loading process. The ice breaking process in shallow water involves
complex interactions between the intact ice sheet, the ice blocks formed in the
process, the structure and the seabed.
In this thesis, ice-structure interaction on a wide sloping structure in shallow water
is studied using a 2D combined finite-discrete element method (FEM-DEM). The
intact ice is modelled as a nonlinear Timoshenko beam and its fracture into smaller
pieces is modelled using the cohesive crack model. The discrete element method
is used for contact force calculation between the ice blocks, the structure and the
seabed. In the work reported here, the inclination angle of the structure, the ice
thickness and the water depth are varied to study how these parameters affect the
ice rubble grounding and the ice loading process.
The simulation results suggest that grounded rubble leads to higher loads on the
structure than non-grounded rubble. The loads on the structure increase with
thicker ice and decreasing water depth. In addition, a larger inclination angle
induces higher loads on the structure throughout the simulation. The load events
on the structure are related to simultaneous ride-up events of the rubble and the
loads are transmitted to the structure along so-called force chains. Furthermore,
the probability of overtopping increases in shallow water.
The load increase and the increased probability of overtopping in shallow water are
caused by the supporting effect of the seabed. Sudden load drops on the structure
are related to buckling of the force chains. When the rubble is grounded, the force
chains are supported from below by the seabed and form above by the rubble
above. Thus they sustain more loads than force chains in non-grounded rubble.
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Liikkuva jää aiheuttaa suuria kuormia arktisille merirakenteille jään murtuessa
rakennetta vasten. Monet näistä rakenteista ovat rakennettu matalaan veteen,
mikä vaikuttaa kuormitusprosessiin. Murtumisprosessi matalassa vedessä sisältää
monimutkaisia vuorovaikutuksia jäälautan, prosessissa syntyneiden jäälohkarei-
den, rakenteen sekä merenpohjan välillä.
Tässä työssä tutkitaan jää-rakenne-vuorovaikutusta leveää kaltevaseinäistä mata-
lan veden rakennetta vasten käyttäen kaksiulotteista yhdistettyä diskreetti- ja
elementtimenetelmää (FEM-DEM). Menetelmässä ehjä jäälautta mallinnetaan
epälineaarisena Timoshenko-palkkina ja sen murtuminen pienempiin osiin
mallinnetaan koheesiomurtumamallia käyttäen. Kontaktivoimat jäälohkarei-
den, rakenteen ja merenpohjan välillä lasketaan diskreettielementtimenetelmällä.
Tämän työn simulaatioissa varioidaan rakenteen kallistuskulmaa, jään paksuutta
ja veden syvyyttä, jotta niiden vaikutusta jäävallin pohjautumiseen ja jään kuor-
mitusprosessiin voitaisiin tutkia.
Simulaatioiden tulokset osoittavat, että jäävallin pohjautuminen aiheuttaa suu-
rempia kuormia rakenteella kuin kelluva jäävalli. Kuorma rakenteella kasvaa jään
paksutessa ja veden syvyyden kasvaessa. Sen lisäksi suurempi rakenteen kallis-
tuskulma johtaa suurempiin kuormiin rakenteella koko simulaation ajan. Kuormi-
tustapahtumat rakenteella liittyvät jään ylösajotilanteisiin ja voima rakenteelle
välittyy niin sanottua voimaketjua pitkin. Myös jään ajautuminen rakenteen
päälle on todennäköisempää matalassa vedessä.
Kuormien sekä jää yliajautumisen todennäköisyyden kasvaminen matalassa
vedessä johtuu merenpohjan tuesta. Äkilliset kuormanpudotukset rakenteella joh-
tuvat voimaketjun nurjahtamisesta. Kun jäävalli on pohjautunut, merenpohja tu-
kee voimaketjua alapuolelta ja jäävalli voimaketjun päällä tukee sitä yläpuolelta.
Avainsanat: Jäämekaniikka, jää-rakenne-vuorovaikutus, jääkuormat, jään poh-
jautuminen, arktiset merirakenteet, matala vesi, numeerinen
mallinnus, yhdistetty diskreetti- ja elementtimenetelmä
iv
Preface
I would like to express my deepest gratitude to my supervisor, Assistant Professor
Arttu Polojärvi, who has guided me through this project. His comments and ideas
regarding this work have been invaluable. I would also like to express my apprecia-
tion to Professor Jukka Tuhkuri for his mentoring and for giving me the opportunity
to work with his group. Furthermore, the financial support from the Department of
Applied Mechanics at Aalto University is gratefully acknowledged.
I wish to thank the whole ice mechanics research group. It has been a pleasure
working with you. My officemate, Professor John Dempsey, deserves a special thank
you for the information passed on during the countless discussions regarding scientific
work and life in general. I would also like to thank my friend Heikki Kahila for the
countless coffee breaks at work. The discussions over a cup of coffee provided a
welcomed break and helped me rearrange my ideas.
Finally, I would like to extend my gratitude to my family and friends who have
supported and encouraged me in my endeavours during these years. My appreciation
towards you is beyond words.
Espoo, September 10, 2015
Riikka Häsä
vContents
Abstract ii
Abstract (in Finnish) iii
Preface iv
Contents v
1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives and Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 Previous Research on Ice-Structure Interaction 6
2.1 Field observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Model Scale Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Mathematical modelling . . . . . . . . . . . . . . . . . . . . . . . . . 13
3 FEM-DEM Simulations 20
3.1 Continuum Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2 Fracture Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3 Ice Block Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.4 External Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.5 Simulations of the Ice-Structure Interaction . . . . . . . . . . . . . . 33
4 Results and Analysis 36
4.1 Load Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.1.1 Load Records . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.1.2 Peak Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.1.3 Grounding and Its Effects . . . . . . . . . . . . . . . . . . . . 40
4.2 Deformation Patterns and Overtopping . . . . . . . . . . . . . . . . . 43
4.2.1 Rubble Pile Deformation in a Ride-Up Event . . . . . . . . . . 44
4.2.2 Rubble Pile Deformation During Overtopping . . . . . . . . . 47
4.2.3 Rubble Pile Geometry . . . . . . . . . . . . . . . . . . . . . . 51
4.2.4 Overtopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.3 Force Chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5 Discussion 61
5.1 Ice Loads in the Simulations, Laboratory and Full-Scale . . . . . . . 61
5.2 Load Records and Mechanics of the Load Events . . . . . . . . . . . . 63
5.3 Pile Geometry and Overtopping . . . . . . . . . . . . . . . . . . . . . 64
5.4 Occurrence of Grounding . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.5 Applicability of the Results . . . . . . . . . . . . . . . . . . . . . . . 66
6 Conclusions 68
References 70
11 Introduction
Understanding ice mechanics and defining ice loads is essential when designing struc-
tures for seas where freezing and permanent sea ice occur. Typical structures built
in such areas, including lighthouses, bridges and oil platforms, are subject to ice
loads when the ice interacts with the structures, as seen in Figure 1. Moreover, in
recent years, the demand for opening new Arctic shipping routes and building new
ports and wind farms in the Arctic areas has further emphasised the importance of
understanding ice mechanics. Designing an Arctic offshore structure is a challenging
task which requires understanding the complex phenomena involved in the interac-
tions between the ice and the structure. In this work, numerical simulations are
performed to gain understanding on the ice-structure interaction process in shallow
water.
1.1 Background
Ice mechanics is a fairly new branch of science. According to Sanderson (1988),
the systematic international research on ice-structure interaction began in the 1960s
when natural resources lying in the seabed of Arctic areas aroused great economic
interest. As a consequence, funding was provided to study ice and its properties in
order to access the oil and gas reserves in the crust of the earth beneath the frozen sea
(Sanderson, 1988). Since then, numerous attempts have been made to model ice and
Figure 1: Arctic offshore structures are subject to ice loads when the ice interacts
with the structure. A large ice rubble pile has formed in front of Kemi I lighthouse as
the advancing ice has failed against the it. The image shows the sail of the pile while
the rest of the rubble is under water. (Image by the courtesy of Mauri Määttänen.)
2understand its mechanical behaviour. This task has, however, proven challenging
due to the complexity of the material. Sea ice is an inhomogeneous material that
can undergo both ductile and brittle failure depending on the sample size and the
details of the loading process. Furthermore, the mechanical properties depend on
various factors, such as the temperature, strain rate, salinity and grain size and
orientation (Kolari et al., 2009). In addition, different phenomena can be examined
depending on the scale of observation that ranges from geophysical to engineering
and microstructural scales (Dempsey, 2000). In this work, ice mechanics is studied
on the engineering scale.
When moving ice pushes against an Arctic offshore structure due to prevailing
wind conditions and ocean currents (Weeks, 2010), the ice breaks into smaller pieces
called ice rubble. The rubble may pile up in front of the structure, as seen in Figure
1 showing the sail of the rubble pile while the most of the rubble is under water. This
ice breaking process, called rubbling, exerts high loads on the structure. Therefore,
the structures have to be designed so that they promote ice failure and are strong
enough to withstand the loads required to break the ice.
High ice loads may move Arctic offshore structures from their foundation, destroy
the structure walls or cause local damage. Therefore, the ice load is a governing
factor when designing offshore structures in Arctic areas. The ice loads largely
depend on the failure mode of the ice, which is often at least partly defined by the
geometry of the structure wall. The prevailing failure mode against a vertical wall is
crushing, which exposes the structure to significant ice loads (Palmer and Croasdale,
2012), whereas failure against a sloping wall alters the fragmentation process so that
the ice breaks by bending. Bending failure requires less force than crushing and thus
the Arctic offshore structures often have inclined walls.
Some of the Arctic offshore structures are built in relatively shallow water or
on an artificially elevated seabed called a berm. In shallow water, the rubble pile
forming in the ice loading process may grow so large that it starts interacting with
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Figure 2: The ice is pushed against a wide sloping structure from the left at a
velocity vp. Some grounded rubble has formed in front of the structure and ice has
been pushed on top of the structure as a result of overtopping. The structure has
an inclination angle α and the rubble geometry is given as follows: wp is the rubble
pile width, hp is the pile height measured from the water level and Dp is the pile
depth measured from the water level.
3ICE LOADS ON SLOPING STRUCTURES 
No grounded ice rubble in front of the structure 
The ice load model used is that developed by Croasdale et al (1994) which is also now included 
as a method in ISO 19906 (2010). 
The model considers five components to the ice load (H) 
H = HB + HP + HR + HL + HT  (5)  
where, HB is the ice breaking force, HP is the force to push the ice through the ice rubble in front 
of the structure, HR is the force to push the ice up the slope of the structure and through the ice 
rubble resting on the slope, HL is the horizontal component of the lifting force required to 
overcome the weight of the ice rubble on the advancing ice before it can ride up the slope to be 
broken in bending and HT is a force associated with turning the ice blocks at the top of the slope 
as they encounter a vertical face (if present). For the specific equations, refer to ISO 19906. 
Figure 8 shows a typical sloping barrier with the ice failing in bending. Figure 9 shows how the 
ice load model is applied to this situation for a 100m barrier (assuming the rubble has not yet 
inhibited the flexural failure on the steel slope). As can be seen, the load based on the extreme 
rafted ice thickness of 1.15m is estimated to be 32 MN. This is a significant reduction on the 
crushing load of 124 MN for a vertical barrier. However, the effects of ice rubble build-up need 
to be considered before a design load can be specified. 
 
 
 
 
 
 
 
 
 
 
Simple Bending with rubble build up
1.15m ice
Initial bending load = 3 MN
Load with ride up to 14m through ice rubble  = 32 MN
(on 100m long barrier)
10m
Resistance
Figure 8: Ice failing against a sloping barrier Figure 9: Estimated loads 
 
With ice rubble present 
The effects of a growing rubble field in front of the structure will eventually change the failure 
mode from bending to rubbling on the outside of the rubble. This occurs when the ice can no 
longer push through the rubble to fail in flexure on the structure (as observed in the field and in 
model tests). For deterministic calculations we make the conservative assumption that there is a 
switch to rubbling prior to any significant benefit from the sliding resistance of the grounded 
rubble. Because this is a relatively short time exposure, it is considered reasonable to use the 100 
year level ice thickness (rather than rafted ice). In this case, as noted above, the rubbling load is 
68 MN. This is higher than the extreme flexural load of 32 MN, so the rubbling load will be the 
design load for a sloping barrier or structure of this configuration. Note that in the probabilistic 
Figure 3: Ice barriers are wide structures that are often built in shallow water to
protect offshore structures and ports from moving ice. The ice is pushed against
the structure from the left and a large amount of rubble has formed in front of the
structure. Furthermore, there has been overtopping as some ice has ridden on top
of the ice barrier (Croasdale et al., 2011).
the seabed. This interaction between t e rub le and seabed is call d grounding
and, if it occurs, it affects the loading process. A schematic view of an ice loading
process in shallow water is illustrated in Figure 2. The ice moves towards the wide
inclined structure from the left at a velocity vp and the rubble formed in the process
is grounded. Some of the ice has been pushed on top of the structure as a result of
the rubble riding up the structure wall. This type of process is further illustrated in
Figure 3 which shows an ice barrier in shallow water subject to ice rubbling against
it in the Caspian Sea. Ice barriers are wide structur s with inclined walls and their
purpose is to protect, for example, ports and oil platforms from moving sea ice. In
Figure 3, the ice has pushed against the structure from the left and a large rubble
pile has formed in front of it.
From an engineering point of view, estimating the maximum ice loads and under-
standing their causes are the most interesting aspects of designing an Arctic offshore
structure. The depth of the water in front of the structure may be an important
factor affecting the ice loads and the so-called overtopping which occurs when mov-
ing ice rides up the structure and accumulates on top of it or sometimes even moves
over it.
According to current knowledge, grounded rubble decreases the load on the struc-
ture as a part of the load is transmitted to the seabed (Sudom and Timco, 2009;
Timco and Wright, 1999; Croasdale, 2012). This, together with lower construction
4costs, has encouraged engineers to build Arctic offshore structures in shallow waters
or on elevated berms. Furthermore, some researchers believe grounded rubble may
form a buffer that protects the structure from overtopping (Timco andWright, 1999),
while others believe overtopping is more likely to occur in shallow water (Palmer
and Croasdale, 2012). Intense overtopping is unfavourable because it causes extra
loading on the structure and poses a safety threat when the encroaching rubble on
top of the structure may damage the operational devices. Moreover, ice riding over
a protective ice barrier may impede navigation to the ports and offshore platforms,
and damage the structures the ice barrier is protecting.
Although many Arctic offshore structures are built in shallow water, the effect of
rubble grounding has not been widely studied. Previous research on rubble ground-
ing has been carried out, for example, by Marshall et al. (1989), Timco and Wright
(1999), Sudom and Timco (2009), Karulin et al. (2007), and Goldstein et al. (2013).
Understanding the complex interactions related to grounding is valuable in itself, but
it can also be directly applied to design offshore structures. Studying ice-structure
interaction in shallow water is expected to shed some light on the partly controver-
sial prevailing notions and provide factual data to support engineers in their design
work.
There are several factors affecting ice loads on offshore structures that still remain
unknown as the interactions involved in the process are very complex. The intact ice
sheet first breaks into individual ice blocks which then interact with each other, with
the structure and with the seabed. The process details affect the further process
and thus it is necessary to study the formation of the ice blocks and follow their
trajectories. For this purpose, numerical models, especially discrete element method
(DEM) based techniques are very suitable, as they treat the rubble as an assembly
of discrete blocks and allow the process to be scrutinised in detail.
1.2 Objectives and Scope
The main objective of this study is to examine how rubble grounding in shallow
water affects the magnitude of the ice loads and their distribution between the
seabed and the structure wall. This study focuses on numerical modelling of ice
rubbling process against an inclined structure in shallow water (see Figure 2). The
ice-structure-seabed interaction is studied using a two-dimensional combined finite-
discrete element method (FEM-DEM). The interaction process is examined with
two ice thicknesses and wall inclination angles as a function of the water depth.
The goal is to acquire information on how the seabed affects the rubbling process
compared with rubbling against structures in deep water.
Another objective is to study how the load is transmitted to the structure in
the rubble during peak load events and what phenomena cause these peak loads.
The load transmission is studied by investigating the average velocities in the rubble
during load events and by studying the so-called force chains which illustrate the
load transmission between individual ice blocks.
Finally, the effect of grounding on overtopping and other rubble features, such
as the pile geometry, are studied. The aim is to make observations on the water
5depths at which grounding occurs, as well as study how the simulation variables
affect these phenomena.
This study is confined to a fixed wide structure with upward sloping walls in
shallow water. For this purpose, the 2D model is sufficient because it is able to
capture all the relevant phenomena related to wide structures. The rubble behaves
differently in interaction with wide and narrow structures and thus, for instance, the
so-called clearing is not modelled. Clearing occurs when the rubble moves down-
stream from a narrow structure by pushing around the sides of the structure. This
study concentrates on structures with sloping walls because they are the most com-
mon offshore structures found in Arctic areas.
1.3 Thesis structure
This thesis first introduces different approaches used in ice mechanics research.
These approaches include field measurements, model scale experiments and mathe-
matical modelling. After this, the combined finite-element method is described and
an overview of the simulations and the simulation parameters in this work are given.
Then, the results of the simulations are presented, followed by a discussion on the
observations and their significance. Finally, the thesis concludes with a summary of
the thesis and the main results, and with suggestions for future work.
62 Previous Research on Ice-Structure Interaction
This chapter introduces previous research on ice-structure interaction. For this pur-
pose, the research methods have been divided into three different approaches which
include field measurements, model scale testing and mathematical modelling. The
techniques are often combined in ice mechanics research to analyse the phenomena
occurring during the interaction process in detail. Field data and model scale tests
are often used to validate mathematical models, whereas mathematical models are
often used for predictions and for design purposes, or like here, to gain compre-
hensive understanding of the physical phenomena behind ice loads. This chapter
describes the typical characteristic of each approach and focuses on their application
to study ice rubble and to evaluate forces on wide structures in shallow water.
2.1 Field observations
The first data collected in the field experiments was qualitative and it was based
on visual observations. Sustained efforts to collect full-scale data on ice-structure
interaction have been made since the 1960s when the petroleum companies started
investing in ice research, and the first structures that were instrumented for ice
load measurements were narrow constructions such as bridge piers and lighthouses
(Sanderson, 1988). The amount of the available data has, however, remained limited
since the instrumentation of offshore structures and the data collection have proven
difficult and costly. Further, the data from many experimental campaigns has been
classified confidential because the measurement programmes are often carried out by
industrial operators. Nonetheless, a reasonable amount of full-scale data has been
acquired, most notably in the 1980s. The data of the best-documented reference
cases is collected from offshore platforms and so-called drilling caissons in the Cana-
dian Beaufort Sea. Caissons are sand-filled artificial islands that have a concrete
or steel outer ring that supports the structure and protects the sand from erosion
(see Figure 4). A comprehensive overview of the data collection methods and the
most important experimental campaigns is given by Sanderson (1988), Palmer and
Croasdale (2012), and Timco and Weeks (2010). The description here is mainly
based on these sources.
The techniques used for measuring ice loads on structures can be divided into four
conceptual categories. These approaches include measuring the structural response,
estimating the forces from ice deceleration, in situ measurements of the surrounding
ice, and the direct measurement technique where the interface between the structure
and the ice is equipped with load cells and panels. Furthermore, photography and
video recordings are important techniques that provide qualitative data to support
the quantitative measurements.
The structural response is monitored using strain gauges, extensometers, ac-
celerometers or tiltmeters. A typical instrumentation set-up using strain gauges
and extensometers to study the structural response of a drilling caisson is illus-
trated in Figure 5. Furthtermore, the foundation response can be monitored using
piezometers, inclinometers, pressure cells or tiltmeters. Measuring the foundation
7off by ice coming from the north on May 12, 1986.  At the time at which the rubble pile was 
pushed off, the load on the north face was quite low.  Although the rubble pile was still 
grounded, very little force was needed to clear the pile from the east face. 
 
 
Figure 5. Photo of grounded rubble pile after ice interactions on April 12, 1986 
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Figure 6. April 12, 1986 rubbling event: MEDOF panel, extensometer, and strain gauge results 
for the east face.  
Figure 4: The Molikpaq is an octagonal mobile caisson that was used for oil explo-
ration in the Canadian Beaufort Sea. The data collected from it has been widely
used in ice mechanics research (Sudom and Timco, 2009).
response is, however, subject to error because the structures are founded in soil
with often unknown material properties and internal damping that hinders the load
transfer.
The strain gauges provide a well-established and inexpensive method for estimat-
ing the forces exerted on the structure. They measure the strains directly on the
structural members, which makes them a reliable measurement technique. Strain
gauging requires calibration between strain and stress, which is performed an lyt-
ically or empirically. Analytical calibration can readily be carried out using finite
element analysis but empirical calibration requires applying known static loads on
the structure, which may be costly and difficult to realise. The major disadvan-
tage of strain gauging when measuring ice loads is its susceptibility to respond to
vibrations caused by structural resonance under cyclic loading. When the struc-
ture is resonating, the strain gauges give information on the true stress state in the
structure. However, these stresses do not give information on the actual applied ice
load which can be significantly lower than the measured load. Furthermore, proper
installation of strain gauges often requires a substantial amount of labour. Similarly
to strain gauging, extensometers measure the strain or deflection of a structural
member. Therefore, their implementation faces similar difficulties to strain gauging.
The operating principle of accelerometers and tiltmeters is based on acceleration.
Accelerometers measure the acceleration which yields the force after integration.
They are applicable if the structure can be idealised as a mass-spring system. Ob-
taining reliable results, however, requires knowing the structural properties of the
structure, including the damping and stiffness coefficients, which makes the tech-
nique cumbersome and subject to errors. Tiltmeters can be used to measure global
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loads: MEDOF Panels, strain gauges and extensometers. Figure 1 shows a schematic 
of the sensor locations. Thirty-one MEDOF panels (1.1 m by 2.7 m) were installed 
on the north, northeast and east faces of the caisson when the Molikpaq was built to 
provide a direct measure of ice load. Strain gauges were installed at the “09” 
location. Prior to April 12, 1986, there were 4 strain gauges, one along each side. 
After that date, an additional 12 gauges were installed. The locations of the 16 
gauges are shown in Figure 1. Ten extensometers were mounted to measure any 
deflections of the caisson, deck and conductor pipe. These sensors formed a subset of 
almost 500 sensors that were used to monitor the performance of the structure. In this 
paper, output from the ice load sensors will be used to evaluate the loads during a 
relatively large ice loading event that took place on May 12, 1986. 
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Figure 1: Illustration of the ice load measuring instrumentation on the Molikpaq in 
the Canadian Beaufort Sea. 
 
MAY 12, 1986 LOADING EVENT  
 
On May 12, 1986, a very large ice floe with dimensions approximately 7 km by 
15 km impacted the Molikpaq on the north and northeast faces. The floe was 
comprised of thick first-year ice with many large multi-year ice inclusions. The 
speed of impact was 0.18 m/s and it decreased to zero at the end of the collision. The 
loading event lasted approximately 27 minutes. Figure 2 shows the rubble map for 
the impact and Figure 3 shows a photo of the Molikpaq at the start of the impact. 
Figure 4 shows both an aerial view and a photograph along the north wall of the 
Molikpaq at the end of the loading event. The photograph shows large amounts of 
crushed ice and the large flexural failure of the ice sheet at the end of the loading 
event.  
 
Figure 5: The Molikpaq (also in Figure 4) is instrumented with strain gauges and
extensometers to study the structural response, and with so-called fluid-filled Medof
load panels to measure loads at the interface of the sea and the structure (Timco
and Wright, 2005).
tilt or relative tilt between two reference points. The global load can be derived from
the global tilt and thus the point of application of the load should be known from
other sources. Tiltmeters give the most accurate results on tall, narrow structures
such as bridge piers.
Ice she t deceleration is a fairly simple method to determine ice loads on struc-
tures. It is based on measuring the ice sheet deceleration during its interaction with
a structure. The force can be obtained by multiplying the deceleration with the es-
timated mass of the ice sheet. The deceleration is estimated using an accelerometer
attached to the ice sheet or using time-lapse photography and the mass of the ice
sheet is obtained volumetrically based on the area, the thickness and the density of
the ice sheet. The method was used to measure forces on the natural Hans Island
in the 1980s. The method, however, does not take into account the hydrodynamic
interaction between the ice sheet and the water, which has a more pronounced effect
in shallow water. Furthermore, the technique treats the ice as a rigid body and
omits its elastic behaviour, which may lead to overestimation of the forces.
Another technique for deriving the ice forces on the structure is instrumenting
the ice surrounding the structure. The stress in the ice can be monitored using flat
or cylindrical sensors or strainmeters. The flat sensors are often installed in rosette
formation to measure biaxial stress-state. However, the stiffness difference between
the ice and the sensor has to be taken into account. This can be avoided by using
strainmeters that measure the strain of the ice between two anchored endpoints.
Unlike flat and cylindrical sensors that are installed inside the ice, strainmeters can
be implemented without causing disturbance to the ice sheet. When the strain in
the ice is known, an estimate for the global load on the structure can be derived from
9elastic analysis. Strainmeters are, however, better suited for obtaining information
about the ice deformation process than estimating the ice stress. When strainmeters
are used, the ice stress can only be derived from the strain under certain restrictive
conditions, including loading events of long duration and negligible bending.
In the interfacial method, load panels and cells are installed in the waterline at
the interface between the ice and the structure as shown in Figure 5. The interfacial
method directly measures the ice load applied to the structure and it is thus im-
mune to structural resonance. This is its major advantage compared with the other
techniques. Load panels consist of two parallel steel plates with internal stiffening
elements between them, and they measure forces by deforming under compression
when the distance between the adjacent plates changes. The widely used Medof
panel is fluid-filled and measures the applied force by fluid displacement. As the
volume of the panel changes due to compression, the liquid is pushed into a vertical
measuring tube that indicates the pressure applied on the panel. Other possible
load panel constructions include attaching strain gauges to the steel plates of the
load panel or using optical methods. When load panels are used, the point of appli-
cation of the force is at least roughly known and the loads of adjacent panels can be
superposed to obtain global loads. The resolution of a panel is the size of the panel,
typically 1 to 2 m by 1 to 2 m.
One of the most important data collection initiatives is the Molikpaq, a mobile
artificial island used for oil exploration in the Canadian Beaufort Sea (see Figure 4).
The Molikpaq was first launched in 1984 and it was deployed in four locations in
11 m to 32 m deep water until it was moved to Russia in 1998 (Sudom and Timco,
2009; Palmer and Croasdale, 2012). Over its deployment period, it has provided a
vast amount of information on ice loads in shallow and deep water. The Molikpaq is
an octagonal steel caisson that has four 60 m long sides and four 22 m long sides so
that its diameter is 90 m. The inclination angle of its walls is 82◦ at the water level
and 67◦ below the mean water level. As shown in Figure 5, it is instrumented with
Medof panels, strain gauges, extensometers and soil instruments. Thus the data
collected from various sensors can be compared, and validated, against each other.
This enhances the reliability of the load estimates measured at the Molikpaq. The
caisson was deployed at each of the four deployment locations over one winter period.
At the first two locations, Tarsiut P-45 and Amauligak I-65, the setdown depth was
fairly deep (19.5 m) and no permanently grounded rubble formed. However, the
two last deployments, Amauligak F-24 and Isserk I-15, were in shallower setdown
depths (15.8 m and 13.4 m, respectively) and large grounded rubble piles developed
and remained firmly grounded throughout the deployment period.
Other notable initiatives that have provided data on ice loads in shallow water
include the Tarsiut N-44 Caisson Retained Island and ESSO’s Caisson Retained Is-
land (CRI) at Kaubvik, both in the Beaufort Sea. Tarsiut Island was constructed
in 1981, being the first caisson-type artificial island. It had an octagonal shape with
100 m diameter and vertical walls. The island was deployed in 22 m water on a
large berm that was six metres under the water surface. In the winter 1982-3, it
was used to study the load transmission through grounded rubble. The caisson was
instrumented with Medof load panels, strain gauges and soil instruments, and the
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ice sheet surrounding the structure was instrumented with strainmeters. Visual ob-
servations were also made based on time-lapse photography. A detailed description
of the observations made at Tarsiut Island is given by Timco and Wright (1999).
ESSO’s Caisson Retained Island at Kaubvik was used in the winter 1986-7 to
study ice rubble characteristics and load transmission as described in Marshall et
al. (1989). The caisson island was installed on a berm in 18 m deep water. It had
an octagonal shape with 112 m diameter and steeply sloping walls. Comprehensive
instrumentation was carried out, including pressure sensors and geotechnical sensors
on the caisson, pressure panels and thermocouple arrays in the rubble, and pressure
sensor rosettes in the intact ice. However, the measurements at Kaubvik faced
various technical difficulties that resulted in significant data losses. In addition to
these examples, Sayed (1989) gives an overview of the typical features of grounded
rubble piles observed at various locations.
2.2 Model Scale Testing
Model scale testing is a commonly used method in the research on ice-structure
interaction and in designing Arctic offshore structures. Model scale testing began in
the 1970s and its purpose is to simulate full-scale processes in a miniature scale in a
laboratory. The dimensions of the model scale structures typically vary from a few
tens of centimetres (Timco, 1984a) to a few metres (Saarinen, 2000; Gürtner, 2009).
The thickness of the ice is in the range of a few centimetres (Saarinen, 2000; Timco,
1984a) up to a few tens of centimetres (Gürtner, 2009). The tests are conducted in
special facilities, ice tanks, shown in Figure 6. Ice tanks are large model basins where
the temperature can be controlled and set below zero to simulate Arctic conditions.
Model scale experiments allow a testing environment where the majority of the
uncertainties and the potential wide scatter of the full-scale measurements due to
Figure 6: Model scale experiments are conducted in special facilities called model
ice basins. The Aalto Ice Tank is a large model basin where Arctic ice conditions
can be simulated. (Image by the courtesy of Aalto University.)
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ambiguity in parameterisation can be overcome at least to some extent. In a model
scale experiment, the parameters, such as the ice thickness, the velocity of the ice
sheet and the structure geometry, can be carefully controlled. Furthermore, the
results can be monitored more reliably and the experiments are easier to reproduce
than in full scale. However, due to the requirement for special facilities, the model
scale experiments are somewhat difficult and expensive to realise, yet often cheaper
than their full-scale counterparts. Furthermore, issues related to scaling may lead
to misinterpretations when extrapolating the model scale results to full scale.
The results obtained in the laboratory have to be scaled according to so-called
scaling laws which maintain the ratio of chosen characteristic parameters in order to
make the results applicable in full scale. The majority of the model scale experiments
are designed so that the so-called Froude and Cauchy numbers are kept constant
when scaling from full scale to model scale. Another scaling method is to use a
linear elastic fracture mechanics approach where the ice number At is kept constant
(Palmer and Dempsey, 2009).
Froude scaling aims at maintaining the ratio between the inertia forces and the
gravitational forces (Palmer and Croasdale, 2012). However, it omits the elastic
behaviour of ice (Schwarz, 1977) and its use in many ice-structure interactions has
been criticised by Palmer and Dempsey (2009). According to Palmer and Dempsey
(2009), it is useless due to negligible inertial and gravitational forces induced by small
velocities. Cauchy scaling aims at maintaining the ratio between the strength-related
forces and the inertial forces when transferring between the scales. Thus it takes
into account the material properties of the ice which are important parameters in ice
failure (Schwarz, 1977). The ice number connects the forces associated with inertia
to forces associated with fracture (Palmer and Croasdale, 2012). Scaling using the
ice number has been criticised because it assumes a negligible fracture process zone,
which does not hold for ice. To overcome the issues related to the traditional scaling
methods, Palmer and Dempsey (2009) have suggested that the ratio of the length,
the elastic modulus and the weakening rate of the ice should maintain a correct
ratio. As a consequence, they conclude that sea ice is best modelled using sea ice.
The requirement for scaling has led to the development of so-called model ice that
has been weakened with dopants in order to reach mechanical properties that are
scalable with real sea ice (Palmer and Croasdale, 2012). A recent review of the most
used model ice types is given by Lau et al. (2007). The microstructure of full-scale
ice is often a composition of granular and columnar structures with varying grain
size (Timco and Weeks, 2010), whereas the structure of model ice is homogeneous
with either granular or columnar microstructure. Columnar model ice generally uses
contaminants such as urea, ethylene glycol, detergents or sugar, whereas granular
model ice uses salt, ethanol or urea. Granular ice is generally tougher than columnar
ice, and it suffers from low compressive strength.
Model ice is grown under controlled conditions, as described in a review given
by Timco (1984b). The dopants reduce the freezing temperature of water and the
ice is thus grown under temperatures significantly below zero. A mist of water
droplets is sprayed over a pre-cooled solution of the dopant and water. The droplets
freeze in the subzero temperature and fall over the solution surface, nucleating the
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growth of the ice. During freezing, the dopants are trapped within the growing ice
sheet. When the desired ice thickness is reached, the temperature is raised so that
internal melting is initiated by the dopant. As a result, liquid inclusions form in
the ice and the amount of solid ice decreases. The desired mechanical properties of
model ice are obtained by the choice of the type and concentration of the dopant
and by controlling the air and the solution temperature at different phases of the
ice formation process. In general, model ice tends to be more ductile compared
with real sea ice, which may lead to over-predicted loads in model scale experiments
(Palmer and Croasdale, 2012).
The loads in laboratory experiments are often measured similarly to full-sale
experiments. The structures are typically instrumented with load cells (Evers and
Weihrauch, 2004; Timco, 1984a; Lu et al., 2014; Timco et al., 1989), dynamometers
(Karulin et al., 2007; Timco et al., 1989) or tactile sensors (Lu et al., 2014). The
tactile sensors are compromised of a set of sensing cells that convert the pressure
into voltage recorded by a computer (Lu, 2014). Video recordings are also used to
monitor the process and ice rubble accumulation as done, for instance, by Karulin
et al. (2007) and Timco et al. (1989).
In the model scale experiments, either the structure can be moved while the
ice remains stationary, or the ice can be moved while the structure stays fixed in
place (Karulin et al., 2007). The method where the structure is pushed against an
immobile ice sheet is called the reverse-motion mode, whereas the method where
ice is pushed against an immobile structure is called the direct-motion mode. The
model scale experiments are often carried out in reverse-motion mode, as illustrated
in Figure 7, which shows a typical test set-up of ice-structure interaction against an
inclined wall (Lu et al., 2013). The box with transparent walls is pushed into the
intact ice from the left and sensors are attached to the model to measure the loads
on the wall shown in dark brown.
Model scale experiments have been carried out to study various sea ice related
problems. Examples of typical research problems include investigating vessel per-
formance in ice (Zhou et al., 2013), estimating ice encroachment along coastlines
(Li et al., 2009; Hopkins, 1997), researching the mechanical properties of ice (Lif-
erov and Bonnemaire, 2005) and studying ice loads on static offshore structures.
Määttänen et al. (2011) and Sodhi (2011) conducted experiments on ice crushing
against a structure, whereas Määttänen et al. (2012) studied ice induced vibrations
on structures. Ice-structure interaction against a wide upward sloping wall has been
studied, for example, by Saarinen (2000) and Timco (1984a), whereas Lu et al.
(2014) conducted experiments on a wide downward sloping wall.
Only a few reported model scale experiments have been conducted to study
ice-structure interaction on wide inclined structures in shallow water. Timco et
al. (1989) have studied load transmission through grounded rubble when the ice
interacts with a vertical wall. The other reported tests are, in general, model scale
studies on existing structures or conceptual studies on new possible designs rather
than basic research on the effect of different parameters on ice-structure interaction
in shallow water. Evers and Weihrauch (2004) and Gürtner (2009) have studied
the possible designs of ice barriers to protect offshore structures, and Karulin et al.
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Figure 7: The model is pushed into the intact ice from the left in an experiment
carried out in reverse-motion mode. (Image by courtesy of Wenjun Lu.)
(2007) have run model scale tests to study forces on an ice-resistant platform in
the North Caspian Sea. In all these studies, the seabed has been modelled using
plywood or a steel grid attached to a plywood plate.
2.3 Mathematical modelling
Mathematical ice load prediction techniques rely on analytical, empirical or semi-
empirical equations, or numerical methods. Before sufficient knowledge on ice me-
chanics, especially fracture initiation, was obtained, the models used for ice load
prediction for design purposes were empirical and based on full-scale data and prob-
abilistic analysis (Sanderson, 1988).
As described by Sanderson (1988), the earliest theoretical studies on ice mechan-
ics distinguished between the elastic and fracture behaviour of ice. An intact ice
sheet exhibits elastic behaviour but as it fails, the fracture behaviour governs the
process. The flexural fracture behaviour of ice was used as a basis of the first mod-
els estimating ice forces on sloping structures (see Figure 8). The models accounted
for the force required to break the ice and an additional force to push the broken
pieces of ice up the structure wall. A detailed description of such model is given in
Sanderson (1988).
A similar, and one of the most well known analytical models for ice loads was
developed by Croasdale et al. (1994). In addition to the force required to break the
ice and the force to push the ice blocks up the structure wall, it includes components
that account for rubble effects, such as the force to push ice through a rubble pile and
the force to lift the rubble pile on top of the advancing ice before breaking it. Forces
related to turning the ice blocks at the top of the slope are also included. With
the careful choice of its many parameters, the model is able to produce reasonable
predictions for ice loads on sloping structures. Furthermore, the force components
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of the Croasdale model can be adjusted to suit specific situations, such as loading
the structure with very thick ice or loading wide structures in shallow water. The
model has been incorporated into the ISO Standard for Arctic Structures which sets
standardised guidelines for the design and safe operation of Arctic offshore structures
(International Organization for Standardization, 2008).
Related to the structures in shallow water studied here, Croasdale (2011) suggests
that applying the ISO code in situations with grounded rubble requires modifica-
tions. In shallow water, the ISO standard is applicable at the initial stage of the
ice-structure interaction. However, as more rubble forms and becomes grounded,
the interaction is assumed to switch from flexural failure to rubbling mode. The
advancing ice cannot penetrate the rubble accumulated in front of the structure and
the ice begins to fail at the rubble edge. The model assumes that the ice loads
become a function of ice rubbling against ice rubble and should therefore be treated
similarly to ridge-building loads (Croasdale, 2012). To account for this, Palmer
and Croasdale (2012) suggest an adjustment to the rubbling load given in the ISO
standard. If this adjusted rubbling load is greater than the load predicted by the
Croasdale model, it governs the design of an offshore structure. When the ice fails
against an inclined structure, the adjusted rubbling load is likely to control. At
later stages of the ice-structure interaction, the grounding resistance increases and
the grounded rubble is assumed to protect the structure from loads.
The simplest method to estimate grounding resistance is to use a rigid body
assumption, a widely used method in the early assessments of forces on the seabed
(Sayed, 1989). It states that the horizontal force on the ice rubble-seabed interface is
equal to the normal force acting on the seabed multiplied by the friction coefficient.
However, several studies show that the interactions are more complex than that of
a rigid body, and that the rigid body assumption tends to overestimate the ground-
ing resistance, consequently underestimating the ice load on structure (Sayed, 1989;
Timco et al., 1989). Marshall et al. (1991) suggested a lumped element model which
models the grounded rubble deformations as springs, dashpots and slider elements
Figure 8: The first analytical models for ice forces on sloping structures were based
on the flexural failure of ice. The models included the force to break the ice and a
force to push ice blocks up along the structure wall (Sanderson, 1988).
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as shown in Figure 9. The model takes into account the elastic, viscous and friction
properties of consolidated and loose rubble, and includes the elastic and creep be-
haviour of the rubble. Marshall et al. (1991) used the lumped element model as an
input in finite element analysis to make the calculation of the ice loads in the case
of grounding computationally more straightforward.
Although the simplicity of analytical models may seem attractive, there are sev-
eral features which make them poorly suited for thorough analysis. Firstly, all
analytical models, including the Croasdale model and models introduced by Ral-
ston (1977) and Nevel (1992), are based on strong idealisations of the mechani-
cal behaviour of ice. Secondly, the determination of the total ice load is difficult.
The effects of different events occurring during the ice-structure interaction process
can be obtained through simple analysis but the coupling of these events is not
straightforward. The analytical models do not take into account the simultaneity
and interaction of different events. Furthermore, the analytical models can only be
used to predict global loads and thus do not provide information on the local load
distribution in the rubble pile (Paavilainen, 2013). In addition, the models cannot
present all phenomena occurring in nature. An example of such phenomena omitted
by the analytical models is the large-scale bending failure of ice caused by large sail
piles (Paavilainen, 2013). Finally, the analytical equations do not yield information
on the rubbling process, which would explain the fundamental reasons causing the
peak loads.
To tackle the aforementioned issues with analytical equations, a number of so-
phisticated numerical models have been developed as the computational power has
increased in recent decades. The models introduced here are divided into so-called
continuum and discrete models (see Figure 10). The first numerical models for
calculating ice loads were based on the finite element method (FEM). FEM based
methods are still widely used and they treat the ice rubble forming in the interac-
tion process as a continuum. This approach, however, smooths out the details of the
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Figure 2: Diagram showing the complete spring-dashpot system for the "unit" 
of rubble next to the structure. 
2. Delayed elastic properties for un-refrozen rubble are not known. This 
is an important restriction on the accuracy of this and other material 
property based models. However, even without any delayed elasticity 
the initial (time = 0) and final (time = w) reaction forces can be calcu- 
lated because they are independent of the delayed elastic characteristics 
of the ice. 
For the purposes of this study a simplified spring-dashpot system, without 
delayed elasticity, was used and the entire rubble field modelled as a repeating 
series of this basic unit. Each repeating unit thus has eight elements; three 
springs, three viscous dashpots, and two sliding elements (coulomb dashpots). 
Having established the arrangement of springs and dashpots, the next step 
was to calculate the spring and dashpot coefficients. In order to have identical 
repeating units the rubble was divided into sail width segments. The coeffi- 
cient for each element was calculated from ice and rubble material properties, 
as well as the particular rubble field geometry. The base loading condition 
was taken from the Kaubvik field data and was simplified to an idealized 
(instantanious) step load. 
3.1 Sliding Elements 
In order to specify each coulomb dashpot, the normal force and friction 
Figure 9: The lumped element model idealises the deformations of grounded rubble
as a system of springs, dashpots and slider elements (Marshall et al., 1991).
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load distribution in rubble (Heinonen, 2004). The continuum approach is computa-
tionally relatively light when compared with the discrete approach that treats the
rubble as an assembly of individual particles. The difference between the continuum
and discrete approaches is illustrated in Figure 10. Eulerian-Lagrangian formulation
in the finite element framework has been used, for example, by Ranta et al. (2010)
to model ice-structure interaction (see Figure 10a) and by Serré (2011) in ridge
keel modelling. They modelled the rubble pile as a continuum deformable body us-
ing an Eulerian-Lagrangian formulation which allows for large displacements. The
technique uses adaptive meshing to account for the deforming geometry of the rub-
ble pile. In the works of Ranta et al. (2010) and Serré (2011), softening cohesive
behaviour was implemented to account for the failure of the deforming rubble.
Modelling ice rubble behaviour is an essential part of studying ice-structure in-
teraction. Therefore, various rubble models have been developed and implemented
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Figure 7.  Locations of the highest and lowest points of rubble piles. 
 
In addition, rubble pile evolutions during cases A3 and B3 are compared. These comparisons 
are disclosed in Figure 8. On the left hand side of Figure 8, side views of rubble piles are 
shown. Different colours represent the variations of the equivalent plastic strain. In turn, on 
the right hand side of the Figure 8, rubble pile contours are shown. Contours are describing 
rubble pile geometries above the sea level only. The widest contours (highlighted with small 
red dots) are lying approximately at the level of the freeboard (FB) of the ice rubble field. 
Vertical distance between adjacent contour lines is 0.5 m. In Abaqus, when the large defor-
mation theory is activated, an incremental strain itself is computed as a natural logarithm of 
an increment of the left stretch tensor. 
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Figure 8. Rubble pile comparisons between analyses A3 and B3. Side views of rubble 
piles on the left and rubble pile contour plots on the right. 
 
(a)
structure as in pile bending case (Fig. 8) or against the structure as in
Figs. 16a and b and 18a and b. This kind of situations c used ak
forces in all of the peak load events that were analyzed.
One additional situation that needs attention is the case where the
major load drop is due to sail failure or deformation. An example of
this situation is the event 2 in simulation with Id=14. In this event,
the peak load occurs when the parent ice sheet is loading the pile
through a sail that has formed away from the structure. The reason for
the major load drop is failure of the sail. The ice block in the right end
of the sail, having velocity toward the structure in Fig. 19, lifts up from
the rubble and the shape locking in the sail is released. Thus, no
breaking of any individual ice blocks occurs. Instead, the force release
is totally due to this failure of the sail.
4.6. Effects of ice thickness and ice–ice friction to peak load phenomena
According to the results above, the peak load phenomena can be
analyzed from two perspectives. First, it is possible to identify a peak
load event or the reason behind an increasing force, and second, it is
possible to identify the reason leading to amajor drop in the load. In this
Section, the effects of ice thickness h and ice–ice friction μii to the peak
load events and to the reasons for the major load drops, are studied.
The observed peak load events involve ride-up (RU, Fig. 18),
loading through rubble pile (LRP, Fig. 16a and b), formation of sails
away from the structure (SAFS, Fig. 14a and b), and formation of sails
in front of the structure (SIFS, Fig. 12a). In SIFS and SAFS, a sail can
clearly be observed and an ice sheet having an even surface is pushed
to that sail. In LRP, the ice sheet is not clearly pushing the sail, or no
sail can be observed between the structure and the pushing ice sheet.
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Fig. 18. Ice rubble pile during an extreme event 1 in simulation with Id=13. The horizontal force during this event is shown in Fig. 17. a) Force increasing as pile is pushed to
structure with the ride-up. b) Deformation of the pile during the ride-up. c) Rubble pile stops and ride-up moving upwards. Force on the structure decreasing, see Fig. 17. d) Change
in pile geometry leading to major load drop and collapse. Scale not constant between the plots.
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Fig. 19.Normalized velocity of the discrete elements at the end of an extreme event 2 in
simulation with Id=14. Major load drop due to sail failure. The ice block in the right
end of the sail, having velocity toward the structure lifts up from the rubble and the
shape locking in the sail is released.
Table 4
Events behind the peak loads and reasons for the major load drops with different ice
thicknesses h for simulations with Ids 11–15 (μii=0.35). The symbols 1, 2, 2* and 3
indicate the extreme events deﬁned in Figs. 4 and 9. Abbreviations for peak loads: RU=
ride-up, SIFS = sail in front of structure, SAFS = sail away from structure and LRP =
loading through rubble pile. Abbreviations for load drops: SFD = sail failure or
deformation, RF = rubble failure, PIF = pushing ice sheet failure.
h [m] Peak loads Major load drops
RU SIFS SAFS LRP SFD RF PIF
0.25 – 1 2,3 – 2,3 1 –
0.50 – 1 2,2 3 – 2* 1,2,3
0.75 1 2 3 – 3 1,2 –
0.925 – – 2 1,3 2 – 1,3
1.25 1,3 – – 2 – 1 2,3
32 J. Paavilainen et al. / Cold Regions Science and Technology 68 (2011) 20–34
(b)
Figure 10: The ice rubble can be modelled (a) as a continuum (Ranta et al., 2010)
or (b) as an assembly of discrete blocks (Paavilainen et al., 2011).
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into commercial FEM software. The models assume that plastic deformation in the
rubble occurs when some yield criterion is met. Therefore, the choice of the yield
function is crucial in order to predict correct rubble behaviour. Heinonen (2004)
has investigated different yield criteria to model rubble in ice ridge keels, includ-
ing the Mohr-Coulomb model, the Drucker-Prager model and the yield cap surface
model. The Mohr-Coulomb model is one of the most common yield criteria because
it connects the material parameters to the shear strength in a straightforward man-
ner. However, its implementation into an FEM solver requires modifications because
the gradient of the yield surface is not continuous. The Drucker-Prager model is a
widely used model in ice mechanics, and it is similar to the Mohr-Coulomb model.
It can, in fact, be regarded as a smooth approximation of the Mohr-Coulomb model
with a more suitable mathematical formulation for explicit finite element analysis
(Serré, 2011). Both the models are cohesive-frictional models that are dependent
on the hydrostatic pressure. These models do not, however, model the dilatation of
the material correctly. Thus a cap yield surface can be added to the shear criterion
in order to bound the yield surface in compression. The rubble will either become
loose in shear or harden in compression when the failure criterion is met. Recently,
however, Kulyathkin and Høyland (2015) critisised the Mohr-Coulomb model for its
inconsistency with some shear strength measurements of ice rubble. Furthermore,
choosing correct material parameters for the rubble may sometimes be ambiguous
and challenging.
Liferov (2005) has used a pseudo-discrete continuum model to study rubble be-
haviour. In the model, a block generator tool produces an assembly of ice blocks
that are used as an input in a finite element analysis. The individual blocks are
modelled using an elastic-perfectly plastic Mohr-Coulomb material model and the
voids between the blocks are modelled as an elastic material with negligibly low
stiffness. The model is able to capture contacts between the individual blocks and
their local failure.
The conventional numerical methods to model material separation upon fracture
of ice are based either on element deletion of failed elements or on a discrete cracking
model that requires a predefined crack path. In addition, the simulation is usually
terminated after the material has fully failed. To tackle these inconveniences, Kolari
(2007) developed a continuum damage mechanics model that has been used by
Kolari et al. (2009) to model continuous ice failure against an inclined structure.
The material model developed by Kolari (2007) assumes an anisotropic material and
a brittle failure mode. It gives information on the direction of the crack growth, and
a special model update technique is applied to propagate the crack. The technique
appears to be suitable for modelling the transition from continuous to discontinuous
material but its implementation into commercial FEM software is complicated.
The so-called cohesive element method has been used to model various ice-
structure interaction problems. The method is based on implementing cohesive
elements into the finite element framework to account for the cohesive fracture model
(see Figure 11). The method is applicable for simulating dynamic ice-structure in-
teraction with interacting particles. Konuk et al. (2009) used the method to model
ice forces on a cylindrical structure, whereas Lu (2014) studied interactions between
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Section 3.4 
 
Figure 3.4.1 a) Set-up of the finite element boundary value problem including the SIB, 
water and ice; and b) close-up of the ice revealing bulk elements bordered by vertical 
and horizontal cohesive elements. 
 
Since plasticity and fracture are co-existing, distinct properties to describe 
these behaviours are employed. That is, for treating fracture the traction- 
separation law proposed by Tvergaard and Hutchinson (1992) is adopted (Fig. 
3.4.3). The utilized traction-separation law should be regarded as a 
phenomenological characterization of the FPZ shown in Fig. 3.4.2. The 
maximum traction, , accommodated in the FPZ may be related to the 
tensile capacity of the model ice. The flexural strength, measured by means of 
bending cantilever beams, ranged between 40-45 kPa. For the present 
investigation,  and a maximum separation of  (see 
Fig. 3.4.3) showed to give acceptable results for the in-plane direction and the 
chosen element discretization of 50 mm. 
maxT
T 35 max kP= a u 0.07 mmc =
 
146
Figure 11: The so-called cohesive element method accounts for cohesive fracture
model by incorporating cohesive elements in the finite element framework (Gürtner,
2009).
ice floes and wide downward sloping structures and cones with this method. Gürt-
ner (2009) has simulated ice ba riers with inclined walls in shallow water using a
computational cohesive element model. Even if the model has been used to study
the aforementioned processes, the use of the cohesive element method is hampered
by convergence issues (Lu, 2014).
Barker and Croasdale (2004) and Barker and Timco (2007) have used a particle-
in-cell (PIC) model to study rubble accumulation in front of structures in shallow
water. In the PIC approach, the ice cover is discretised into individual particles.
Each particle is assigned a fixed volume, area and thickness. The governing equations
are solved in a fixed grid using an implicit finite difference method, whereas advection
and continuity are solved in a Lagrangian manner. The solutions of these two sets
of equations are mapped between the grid and the individual particles to obtain the
updated velocities and stresses on the ice. The PIC approach has been criticised
for its possible inability to actually fulfil the governing continuum conservation laws
(Gürtner, 2009).
As already mentioned above, the conventional approach to model the rubble as
a continuum cannot reproduce the interactions between the individual ice blocks.
Therefore, the recent developments in ice mechanics have focused on the discrete el-
ement method (DEM) or the combined finite-discrete element method (FEM-DEM)
illustrated in Figure 10b. DEM treats the ice blocks as rigid particles, whereas
FEM-DEM accounts for the elastic behaviour of the blocks. Compared with the
continuum approach, DEM has the advantage that the material parameters for the
ice rubble are not required, but they ideally emerge from the ensemble behaviour of
the individual blocks in the simulations. 2D DEM approach was used by Hopkins
(1997) to study ice pile-up on shorelines. Furthermore, the method has been used
to study ice ridge building, for example, by Hopkins et al. (1991), Hopkins (1994)
and Hopkins et al. (1999). The early models treated the rubble as an assembly
of disc-shaped elements (see Figure 12a) but later rectangular elements have been
widely used in the DEM simulations (see Figure 12b). Hopkins and Hibler (1991)
used DEM to simulate shear box test on ice rubble. A shear box test is a widely
used method to determine the shear strength of a granular material, such as ice
rubble. 2D DEM simulations on ice rubble shear box tests have recently been con-
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(b)
Figure 12: The 2D discrete element method has been used to model ridge building.
The rubble in the simulations (a) was first modelled as an assembly of circular discs
but (a) later rectangular elements have been widely used (Hopkins et al., 1991).
Configuration 1 Configuration 2
Configuration 1 Configuration 2
b)
a)
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Figure 13: DEM has recently been used, for example, to simulate shear box tests
on ice rubble (Polojärvi et al., 2015).
ducted by Polojärvi et al. (2015) to study the load transmission and peak loads in
shear box tests (see Figure 13). Goldstein et al. (2013) studied rubble grounding in
shallow water using a DEM approach and proposed modifications to the analytical
Croasdale model based on the simulation results. In addition, the discrete approach
has been used to study ridge keel punch through tests (Polojärvi and Tuhkuri, 2009,
2013) and ice-structure interaction against an inclined wall (Paavilainen et al., 2010,
2011; Paavilainen and Tuhkuri, 2012, 2013). The FEM-DEM approach is described
in detail in the next chapter.
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3 FEM-DEM Simulations
This section presents the mechanics of the combined finite-discrete element method
(FEM-DEM) simulations of the ice structure-interaction process, and describes the
different cases that were simulated in order to investigate the phenomena related to
the rubbling process.
The rubbling process of the ice sheet and the interaction between the ice, the
structure and the seabed are modelled using two-dimensional combined finite-discrete
element method simulations developed at Aalto University and validated by Paav-
ilainen et al. (2009, 2011). The ice sheet and its failure into smaller ice blocks are
modelled using the finite element method whereas the discrete element method is
used to account for the contact detection and the contact force calculation of the
interacting ice blocks. The method is able to capture the deformation of the con-
tinuous ice sheet and its fracture into smaller ice blocks that can interact with each
other and further break into smaller pieces.
The discrete element method is a technique that was developed in the 1970s to
model the nonlinear dynamics of granular media (Cundall and Strack, 1979). It
is used to model particle interactions, and the common applications of FEM-DEM
outside the field of ice mechanics include geomechanics, civil engineering and process
engineering. It has been used, for example, by Morris et al. (2006), Oñate and Rojek
(2004) Ibrahimbegovic and Delaplace (2003), Owen et al. (2004) and Munjiza (2004).
The purpose of the FEM-DEM is to solve the equations of motion of a system of
interacting particles by contact detection and contact force calculation algorithms.
Figure 14 illustrates a system of particles that are interacting with each other and
subject to internal and external loads. The equations of motion of the system in
Figure 14 are
Mx¨ = fint + fcon + fext, (1)
where M is a diagonal mass matrix which contains the masses and the moments of
inertia of the discrete elements and x¨ is the second time derivative of the position
vector x, corresponding to the translational and angular acceleration of the elements.
The vectors fint, fcon and fext contain the internal forces and moments, contact forces
and moments and external forces and moments acting on the elements of the system.
The force components also contain dissipative forces from damping, friction and
water drag. The acceleration x¨ is solved explicitly according to Newton’s laws of
motion. The internal forces are obtained using the finite element method and the
contact forces are solved using the discrete element method.
The position vector x contains the positions xi, yi, rotations θi and orientations
of each discrete element. It is written as
x = [x1 y1 θ1 . . . xN yN θN ]
T , (2)
where N is the number of discrete elements in the system. The point of application
of the torque of each discrete element is added accordingly.
The solution of Equation (1) for one discrete element is written as
x¨i =
fint,i + fcol,i + fext,i
Mi
, (3)
21
fext
fintfint
fcon
fcon
Figure 14: Interacting particles are subject to internal forces fint due to beam elas-
ticity, contact forces fcon from colliding particles and external forces fext due to, for
example, gravity or drag.
which is a function of time. Thus, to obtain the solution, the equations are discre-
tised with respect to time. As described in Paavilainen et al. (2009), the trajectories
of the blocks are solved explicitly at each time step using central difference scheme,
which corresponds to the Newmark time integration scheme with parameters β = 0
and γ = 1
2
. According to this scheme, the velocities v and positions x are given by
xk+1 = xk + ∆tx˙k +
∆t2
2
x¨k (4)
vk+1 = x˙k+1 = x˙k +
∆t
2
(x¨k + x¨k+1) , (5)
where the subscript k denotes the time step, x˙ is the first time derivative of the
position vector and ∆t is the time step size.
The forces in Equation (1) are solved for each element during one time step. The
following tasks are performed during one time step:
(1) Determination of internal forces and moments in the continuum part of the
model,
(2) applying the failure model if failure criterion is met,
(3) contact search of the blocks that are in the vicinity of each other,
(4) determination of the contact forces,
(5) adding the external forces
(6) updating the node positions by solving the equations of motion.
The following chapters describe each of these steps. Step (1) is described in Section
3.1 and Step (2) in Section 3.2. Steps (3) and (4) are explained in Section 3.3 and
the external forces in Step (5) are given in Section 3.4. Finally, step (6) is completed
based on the solutions of the previous steps and the Equations (1), (4) and (5).
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3.1 Continuum Model
The intact ice sheet and the pieces of ice fractured from it are modelled as contin-
uum and the finite element method (FEM) is used to obtain the internal forces fint
acting in the system. FEM is a widely used numerical technique that discretises the
problem domain into finite elements. The displacement is approximated over each
element by a polynomial and the solution for the whole domain is constructed by
connecting the elements. The formulation of the method is rigorous, which makes
it feasible to model complicated problems and nonlinearities (Reddy, 2004).
The ice sheet exhibits nonlinear kinematic behaviour, which is included in the
model by using C0 continuous nonlinear Timoshenko beam elements. The nonlinear
analysis is required because the ice undergoes large displacements and rotations
and fracture. Furthermore, small deformations are assumed in the finite element
formulation. The kinematics of a Timoshenko beam is illustrated in Figure 15 and
can be expressed as follows: during deformation, the cross sections remain plane and
rotate about the neutral axis of the cross section. They do not, however, necessarily
remain perpendicular to the deformed longitudinal beam axis due to shear. The
plane sections are assumed to be rigid, which means that their dimensions do not
change as the beam undergoes deformation. Furthermore, the transverse shear stress
is assumed to have a constant value over the plane section (Felippa, 2001). Linear
stress–strain relation and a viscous damping model are utilised to account for the
Hookean material behaviour and the dynamic nature of the analysis (Paavilainen et
al., 2009).
The intact ice sheet is assumed to be a homogeneous, isotropic continuum that
exhibits linearly elastic material behaviour up to its failure. The ice sheet consists of
N rectangular discrete elements that are joined together with finite beam elements
so that the centroid of each discrete element corresponds to a node of a beam element
as illustrated in Figure 16. The Timoshenko beam elements used here share the same
degrees of freedom as the discrete elements: translation in x- and y- directions and
a rotation perpendicular to the xy-plane. Since the element nodes coincide with the
centroids of the discrete elements, the internal forces of the beam can be superposed
to the discrete elements.
When the ice sheet fails, it breaks into smaller fragments which are also consid-
ered discrete Timoshenko beams if they consist of more than one discrete element.
Fragments consisting of only one discrete element are treated as rigid bodies. These
beam and rigid body fragments formed in the process then interact with each other
and with the structure.
The formulation of the model is based on Lagrangian kinematics and it is largely
based on work by Felippa (2001). The beam element illustrated in Figure 15 moves
from its original position P0(X, Y ) in the reference configuration to the location
P (x, y) in the current configuration. The displacement of the point is given by[
x
y
]
=
[
xC − Y [sin θ + (1− cos γ) sinψ]
yC + Y [cos θ + (1− cos γ) cosψ]
]
, (6)
where the subscript C denotes the projection of the point P on the neutral axis
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and Y indicates the distance from the neutral axis. The angles θ, γ and ψ are the
total rotation of the cross section from the reference to the current configuration,
the shear distortion angle and the rotation of the beam axis, respectively.
Assuming that the shear distortion γ is a small quantity, the term 1 − cos γ in
Equation (6) tends to zero. Furthermore, the coordinates (xC , yC) can be expressed
as xC = X + uX and yC = uY . Thus the Equation (6) simplifies to[
x
y
]
=
[
X + uX − Y sin θ
uY + Y cos θ
]
, (7)
which is a function of X only.
The displacement and rotations at the nodes are used to derive the strains. To
that end, a deformation gradient F is constructed. F maps an infinitesimal mate-
rial vector dX in the reference configuration into an infinitesimal vector dx in the
current configuration (Malvern, 1969). The deformation gradient of the kinematic
L
L0
Y, y
X
YP0 X, x
ψ
C0
uX
ψ
γ
C(xC , yC)
P
uY
θ = ψ
+ γ
Figure 15: The cross sections of a Timoshenko beam remain plane but not neces-
sarily normal to the neutral axis of the cross section during deformation. A particle
P0(X, Y ) of a C0 Timoshenko beam element in the reference configuration moves to
a new location P (x, y) in the current configuration. L0 is the initial length of the
element and L the length in the current configuration. The angles ψ, γ and θ are
the rotation of the beam axis, the shear distortion angle and the total rotation of
the cross section, respectively.
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The basic kinematic assumptions of the Timoshenko beam state that the cross-
sections remain plane but not necessarily normal to the mid surface during
deformation. In this paper, small strain assumption is made in addition. Large
displacements, linear stress–strain relation and a viscous damping model are also
utilized in the presented beam model. A C 0 plane beam element is used. For details of
nonlinear Timoshenko beammodels see e.g. Felippa (2001) or Reddy (2004).
According to Figure 2, the deformation !ðXÞ of the beam is
!ðXÞ ¼ Xþ uðXÞ ¼ X þ uX % Y sin "
uY þ Y cos "
! "
; ð1Þ
Figure 1.
A beam element, a
discrete element and their
degrees of freedom
Figure 2.
Deformation of the C 0
beam element
Figure 16: The individual discrete elements are joined together by nonlinear Tim-
oshenko beam elements so that the nodes of the beam elements coincide with the
centroids of the discrete elements. The arrows show the degrees of freedom of the
elements (Paavilainen et al., 2009).
description (7) is given as
F =

∂x
∂X
∂x
∂Y
∂y
∂X
∂y
∂Y
 =
[
1 + u′X − Y θ′ cos θ − sin θ
u′Y − Y θ′ sin θ cos θ
]
. (8)
The deformation gradient F is needed to construct a Green-Lagrange strain
tensor E. The Green-Lagrange strain tensor gives the element strains with respect
to the undeformed lengths (Reddy, 2004). It is used because it is independent of
rigid body translation and rotation, which makes it suitable for studying strains in
a system with large rigid body displacements. It can be expressed in terms of the
deformation gradient as
E =
1
2
[
FT · F− I] , (9)
where I is an identity tensor. According to Reddy (2004), the deformation gradient
F can further be decomposed into an orthogonal rotation tensor R and a symmetric
stretch tensor U as
F = R ·U. (10)
An orthogonal tensor satisfies the condition RT · R = I. Thus after some manip-
ulation and assuming small strains, the strain tensor (9) gets the following form:
E =
[
XX XY
Y X Y Y
]
=
1
2
(
L+ LT
)
, (11)
where the relation U = I + L is utilised. The tensor L is first-order linearisation
according to Felippa (2001). The manipulation of Equation (9) yields Y Y = 0, and
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after linearisation described by Felippa (2001), the strain vector can be written as
e =
[
e1
e2
]
=
[
XX
2XY
]
=
[
(1 + u′X) cos θ + u
′
Y sin θ − Y θ′ − 1
− (1 + u′X) sin θ + u′Y cos θ
]
=
[
− Y κ
γ
]
, (12)
where the axial strains , shear strains γ and curvatures κ = θ′ can be collected in
the generalised strain vector h = [ γ κ]T .
The original length of the beam element L0 and the current length of the beam
element L can be used to determine the relations 1 + u′X = L cosψ/L0 and u′Y =
L sinψ/L0 from the geometry as shown in Felippa (2001). Substituting these into
the strain expression (12) the following computationally more efficient expression
for the strain vector is obtained:
e =
[
e1
e2
]
=
[
L
L0
(cosψ cos θ + sinψ sin θ)− 1− Y θ′
− L
L0
(cosψ sin θ − sinψ cos θ)
]
=
[
− Y κ
γ
]
. (13)
The only non-zero stresses are the normal stress σx and the shear stress τ due to
the assumption of linear elasticity. These stresses can be connected with the strains
in Equation (12) using the linear constitutive equation
s =
[
σx
τ
]
=
[
E 0
0 G
] [
e1
e2
]
= Ce, (14)
where E is the elastic modulus, G is the shear modulus and C is the stiffness matrix.
When the stresses are integrated over the cross section of an element, the follow-
ing stress resultants are obtained:
N =
∫
A0
σx dA, Q =
∫
A0
τ dA, M =
∫
A0
σxY dA, (15)
where A0 denotes the area of the cross section in the reference configuration. N
represents the axial force, Q represents the transverse shear force and M represents
the bending moment. The stress resultants are calculated in the current configu-
ration. In addition, viscous forces are introduced to account for material damping.
The axial damping Nd, shear damping Qd and damping moment Md are defined as
Nd = ν
∫
A0
(˙− Y κ˙) dA, Qd = ν
∫
A0
γ˙ dA, Md = ci
∫
A0
(ε˙− Y κ˙)Y dA, (16)
where ci is an internal damping coefficient and ˙, γ˙ and κ˙ are strain rates related
to the stains h introduced above. The damping forces are added to the equivalent
stress resultants and collected in a stress resultant vector
p = [N +Nd Q+Qd M +Md]
T . (17)
The internal forces fint in the equations of motion in Equation (1) can be obtained
from the stress resultant vector p through variation of the beam strain energy. The
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strain energy of the beam corresponds to the internal energy of the beam and can
be written as
U =
1
2
∫
Vb
Ee21 +Ge
2
2 dV, (18)
where Vb is the volume of the beam element. Utilising the expressions (14) through
(17) and taking the first variation of the strain energy with respect to the nodal
displacements u = [uX1 uY 1 θ1 uX2 uY 2 θ2]
T of the two-node C0 element,
the following expression for the variation of the strain energy is obtained:
δU =
∫
L0
pT δh dX =
∫
L0
pTBδu dX = fTintδu. (19)
The matrix B is a kinematic matrix that connects the strains and nodal displace-
ments as it contains the partial derivatives of the strains with respect to the nodal
displacements (Felippa, 2001). Based on Equation (19) the internal forces are thus
fint =
∫
L0
BTp dX. (20)
The internal forces are evaluated using one-point Gauss integration at the midpoint
of the beam element.
3.2 Fracture Model
The ice sheet is subjected to stresses when it interacts with the structure, the seabed
or the ice blocks formed in the process. To account for the fracture process of the
ice sheet, a cohesive crack model is used. When the stress state in the ice reaches a
critical limit, the sheet fails and fractures into smaller ice blocks.
The cohesive crack model was developed by Hillerborg et al. (1976). It provides
an approach to fracture mechanics which takes into account both the formation and
the propagation of the crack. This makes it more suitable for the analysis of the
simulations here than other models, such as the stress intensity factor approach and
the energy balance approach, as they can only model crack propagation. Further-
more, many fracture models require a dense element mesh in the vicinity of the
crack. When the cohesive crack model is used, there is no need for a dense mesh,
which makes it applicable to a wide range of complicated problems (Hillerborg et
al., 1976).
In the cohesive crack model, the stresses are assumed to act over a narrowly
opened crack until a critical crack opening displacement δf is reached. The model can
be applied on quasi-brittle materials with mixed mode failure to take into account
the normal and shear stresses and their coupling (Gálvez et al., 2002). Normally,
the crack path has to be predicted as a part of the analysis when the cohesive
crack model is used. However, when the model is applied on the ice sheet here, the
failure is assumed to occur at the interface of two discrete elements so that the crack
propagates straight through the beam. Therefore, the crack path is known and it
does not have to be predicted.
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As mentioned in Gálvez et al. (2002), the cohesive crack model assumes that
three distinct process zones can be identified when the material undergoes failure.
These zones are illustrated in Figure 17. First, the material is intact and it has
not reached its critical strength. Second, in the cohesive crack zone, the material is
partially damaged but the remaining ligaments of material transfer stress across the
damaged area. However, as the material is partially damaged in the cohesive crack
zone, its stress carrying capacity decreases. Finally, in the third phase the material
is fully damaged and it is not able to transmit stresses across the crack. This is
called the true crack.
According to the cohesive crack model, the stress in the cohesive crack zone is
assumed to be a function of the crack opening displacement δ, illustrated in Figure
17, so that σ = σ(δ). As the crack opening displacement increases, the stress
decreases. This relation is called the softening function and it is regarded as a
material property (Gálvez et al., 2002). In the current model, a linear softening
function is used for its simplicity and suitability for FEM analysis with quasi-brittle
material. A linear softening function describing the failure process under uniaxial
loading is illustrated in Figure 18a. It can be related to the specific fracture energy
Gf through
Gf =
∫ δf
0
σ dδ =
σcrδf
2
, (21)
where Gf is the specific fracture energy corresponding to the area under the curve.
It represents the amount of energy needed to first create a cohesive crack and fully
break a unit surface area of it (Hillerborg et al., 1976). δf is the critical crack
opening displacement which indicates the crack length at which the stress has fallen
to zero and a true crack has formed. σcr is the tensile strength which, together with
Gf , is amongst the most important parameters associated with the cohesive crack
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where "f is the critical crack op ning displacement, i.e. crack opening that leads to a
t ue cr ck, see Figur 3. The tensile str ngth and the specific fracture energy are values
which can be measured from experiments. With the help of t ese experimental valu s
the softening function of the material can be constructed.
In the chosen cohesive constitutive model, the material behaves as linear elastic
before fracture initiation. This behaviour is presented in the stress–strain curve of
Figure 3.
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Figure 4.
Figure 17: Three zones can be distinguished in an advancing crack: the intact
material, the cohesive crack and the true crack. In the figure, M is the bending
moment, δ is the crack opening displacement and δf is the critical crack opening
displacement (Paavilainen et al., 2009).
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where "f is the critical crack opening displacement, i.e. a crack opening that leads to a
true crack, see Figure 3. The tensile strength and the specific fracture energy are values
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Figure 18: (a) The cohesive stress σ, which is a function of the crack opening
displacement δ, is approximated by a linear softening function. σcr is the tensile
strength and δf is the critical crack opening displacement. (b) The material is
assumed to exhibit linear elastic behaviour up to the crack initiation at the point
A. After the crack initiation, the total strain ε is calculated as a sum of the elastic
εe and inelastic εf strains. In the figure, E is the elastic modulus and L0 is the
element length in the reference configuration. The points A, B and C correspond to
the same phase of the fracture in (a) and (b) (Paavilainen et al., 2009).
model in Mode I opening (Gálvez et al., 2002). Both these parameters are material
parameters that can be obtained from experiments. Dempsey et al. (1999) measured
Gf values for ice, which makes it a suitable parameter for the current model.
When the stress state exceeds the tensile strength σcr, a cohesive crack is formed
and starts to open. Breaking the material bridges that transmit the stress across
the cohesive crack zone requires energy. When the absorbed energy equals Gf , the
material bonds break and the crack advances from a cohesive crack to a true crack.
The constitutive relation in Figure 18b illustrates the behaviour of the material.
The stress grows linearly with the strain up to point A when the linear elastic stress
reaches its critical value σcr and a crack forms. After the crack has formed, the
material behaviour changes and the post-peak strain at point B can be determined
as a sum of elastic and inelastic strain as
ε = εe + εf =
σ(δ)
E
+
δ
L0
, (22)
where εe and εf are the elastic and inelastic strains, respectively, and L0 is the
original length of a beam element in the reference configuration. The material is
considered fully damaged at point C when the crack opening displacement reaches
its critical value δf and the material loses its ability to sustain loads (Paavilainen et
al., 2009).
The above holds for a uniaxial stress state. However, the current model assumes
that the failure of the ice sheet is caused by tensile and shear stresses. Therefore,
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mixed mode failure has to be taken into account in the failure criterion F . After
Paavilainen et al. (2009), F is here chosen to be
F =
σx
σcr
+
τ 2
τ 2cr
+
δmax
δf
− 1 ≤ 0, (23)
where σx and τ are the normal and shear stresses, respectively, and σcr and τcr are the
critical stresses corresponding to them. The maximum crack opening displacement
δmax is an increasing variable that makes the process irreversible by keeping track of
the maximum value of the reached crack opening displacement as shown in Figure
18a. The definition F ≤ 0 indicates that a stress state at which F > 0 is not
allowed. When F < 0 the failure is not advancing, the material is undamaged or
the material is under unloading. A stress state which gives F = 0 indicates the
initiation of failure (Paavilainen et al., 2009; Schreyer et al., 2006).
An effective stress σ can be used in Equation (23) to account for normal and
shear stresses. It is defined as
σ = σx +
σcr
τ 2cr
τ 2. (24)
When this effective stress is substituted into F in Equation (23), the failure criterion
can be expressed as a function of σ and δmax as follows:
F (σ, δmax) = σ − σcr
(
1− δmax
δf
)
≤ 0. (25)
The failure progress is studied by computing a trial stress state. The trial stress
can be obtained from the post-peak strain in Equation (22) and the failure criterion
in Equation (25). It is determined by
δtrialmax,k+1 = δmax,k (26)
σtrialk+1 = E
(
εk+1 −
δtrialmax,k+1
L0
)
(27)
F trialk+1 = σ
trial
k+1 − σcr
(
1− δ
trial
max,k+1
δf
)
, (28)
where the subscript k denotes a time increment. According to the failure criterion
(25), the crack grows if the trial state gives F > 0. In that case, return mapping to
the failure surface F = 0 according to Paavilainen et al. (2009) is required. The new
failure surface F = 0 can be calculated after determining the values of σ and δ. In
the return mapping process illustrated in Figure 19, a point (σ1, τ1) is mapped to a
point (σ∗1, τ ∗1 ) on the failure surface F (σ, δmax 6= 0) = 0. The ratio between normal
stresses and shear stresses is kept constant in the return mapping so that σ1
τ1
=
σ∗1
τ∗1
.
After the failure initiation, the load-carrying capacity of the material decreases
and the stress in the cohesive zone can be expressed as a function of the crack
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constant, i.e. !1"1 ¼
!"1
""
1
. A similar return-mapping procedure is presented in Simo and
Hughes (1998) for problems with plasticity.
To define the new fracture surface F ¼ 0, the values for ! and #max has to be
determined. To determine these values, the cohesive crack model is used. The crack is
opening when moving between points A and C on the stress–strain curve of Figure
4(b). Then the cohesive stress is defined by the softening function
! ¼ !ð#Þ ¼ !cr 1% #
#f
! "
ð21Þ
and the new value for crack opening displacement # can be solved from Equation (14),
as the total strain " is known. In the crack opening situation, the maximum reached
crack opening displacement is equal to crack opening displacement i.e. #max ¼ #. Thus,
the new fracture surface can then be evaluated.
If a crack has formed and the stress state is such that F < 0 and !x & 0, the
unloading or reloading case is active. This is shown in Figure 4(b) with a dashed line
BO. In this case, the cohesive stress is defined by
!ð#Þ ¼ !cr #
#max
% #
#f
! "
: ð22Þ
The crack opening displacement # for this situation can again be solved from Equation
(14). However, in this case #max has a constant value defined in the crack opening phase.
In the case of crack closure, i.e. F < 0 and !x < 0, the stress ! is evaluated as if the
material would be intact and the crack opening displacement is equal to zero, # ¼ 0.
Again, the #max has a constant value as in the cases of unloading and reloading.
Figure 5.
Fracture surface
evolution when the crack
is opening
Figure 19: Return mapping is performed to return to the failure surface F = 0 given
by Equation (23) (Paavilainen et al., 2009).
opening displacement as
σ = σcr
(
1− δ
δf
)
. (29)
The total strain is known so the new crack opening displacement δ can be determined
from the post-peak strain in Equation (22). When the crack is opening, the crack
opening displacement automatically corresponds to the maximum crack opening
displacement δ = δmax.
The state F < 0 and the stress σx ≥ 0 indicates that the material is under
unloa ing or reloading, provided that a crack has formed (see Figures 18 and 18b).
When the unload g or reloading case is active, the stress in the cohesiv zone is
given by
σ = σcr
(
δ
δmax
− δ
δf
)
. (30)
Since σ here applies for unloading or reloading, the maximum crack opening dis-
placement δmax in the previous equation has a constant value reached in the crack
opening phase. The crack opening displacement is calculated from Equation (22)
using this constant value. According to Paavilainen et al. (2009), when the stress
state is such that F < 0 and σx < 0, the crack is closing and the material is treated
as if it was undamaged. In this case, σ = 0 and σmax equals a constant obtained in
the crack opening phase.
The normal stress in beam bending is linearly dependent on the Y -coordinate, as
shown in Equations (13) and (14), so that the stress changes linearly in the direction
of the beam thickness. This is taken into account in the failure model through
numerical integration of the resultant stresses and viscous forces along the beam
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thickness. The resultant stresses and viscous forces are defined in Equations (15)
and (16). They are integrated applying the Gauss quadrature in seven designated
integration points after crack initiation (see Figure 17). After this, the cohesive
crack model is applied on each integration point and the stress in the cohesive zone
can be calculated from Equation (29) or (30) depending on the loading case. The
true crack advances when the crack opening displacement at an integration point
reaches its critical value δf and loses its load-carrying capacity. The formation of
a crack changes the cross-section of the beam and thus the position of the neutral
axis changes as the crack propagates. Therefore, a new position for the neutral axis
is calculated (Paavilainen et al., 2009).
3.3 Ice Block Interaction
As described above, the ice sheet consists of discrete elements joined together by
Timoshenko beam elements (see Figure 16). As the ice fails, it breaks into smaller
fragments that interact with each other and with the structure. The discrete element
method (DEM) is used to solve forces due to these interactions.
The forces due to interactions between the ice blocks are solved using contact de-
tection and contact force calculation algorithms. The purpose of a contact detection
algorithm is to search for discrete elements close to, and potentially contacting, each
other. The algorithm used in the current model is based on the so-called no binary
search (NBS) algorithm developed by Munjiza and Andrews (1998). The contact
detection with NBS is independent of the shape of the interacting particles, which
significantly reduces the computational cost. Although the algorithm is used to
avoid calculating the exact contact geometry, the operations related to the contact
calculations form the single most time-intensive task the model has to perform.
When a contact is detected, the corresponding contact forces are calculated. As a
part of the solution of the contact geometry, the normal n and tangential t direction
vectors for the contact are solved. The total force acting between the interacting
elements is then
ftot = fn + ft, (31)
where fn and ft are the normal and tangential forces of the contact, respectively. The
normal force is determined with an elastic-viscous-plastic model and the tangential
force with an incremental Mohr-Coulomb model according to (Hopkins, 1992).
The elastic-viscous-plastic normal force model is based on the overlap of inter-
acting elements (see Figure 20). The normal force is given by
fn = min{fne + fnv, fp}, (32)
where fne is the elastic normal component, fnv is the viscous normal component and
fp is the plastic limit force which sets the upper limit for fn. The elastic component
fne is proportionate to the overlap area A according to
fne = kneAn, (33)
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where kne is the contact normal stiffness. The viscous component fnv is proportionate
to the rate of change of A in time according to
fnv = knvA˙n, (34)
where A˙ is the first time derivative of the overlap area and knv is the viscous damping
coefficient. The plastic limit is defined by
fp = σplcn, (35)
where σp is the plastic limit, lc is the breadth of the contact surface marked by the
distance between the intersection points A and B in Figure 20. The plastic limit
introduces inelasticity that accounts for local crushing of the blocks in contact. This
means that crushing is only taken into account locally, occurring within the area of
the contact geometry, not as a global failure mode. According to Equation (32), the
material undergoes plastic failure if the sum of the elastic and viscous components
exceeds the plastic limit force.
The elastic tangential force increases due to incremental slip between the con-
tacting elements. It is calculated from
fte,k+1 = fte,k − kte(vc · t)k+1/2, (36)
where the subscript k denotes the time step, kte is the tangential elastic stiffness and
vc is the relative velocity of the contacting blocks at the point of contact, which is
here defined to be the centroid of the overlap area. Thus the product vc · t extracts
the tangential component of the contact velocity. An approximation for the velocity
at the half time step k + 1/2 is obtained as a part of the solution. The tangential
EC
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In summary, the value for !max changes only in the crack opening phase and it is an
increasing function to make the failure process irreversible.
In bending of the beam, the stress changes linearly through the thickness, i.e.
" ¼ "ðYÞ. This has to be taken into account in the presented failure model. To do this,
the resultant stresses of Equation (7) and the viscous forces of Equation (8) are
numerically integrated after the crack has formed. Numerical integration is done by
using the Gauss quadrature rule. The cohesive crack model presented above is then
applied separately in all of the integration points, see Figure 3. After the crack has
formed, the cohesive stress in an integration point is derived from Equation (21) or (22)
depending on the loading situation. When the crack opening ! has reached its critical
value !f , the material in that integration point is considered fully damaged and a true
crack advances to that point, see close-up of Figure 3. After the true crack has grown, a
new position for the neutral axis is determined.
Contact model and time-stepping scheme
Total failure in the beam model results in reation f smaller discrete beams w ich at
later stages f the simul tion can collide with other beams in the model. These
interactions between discrete beams are simulated by using the DEM.
In addition to finite elements, interacting beams are also composed of one or more
discrete elements. In the proposed method, the contact detection and the calculation of
the contact forces are handled by using these discrete elements. The contact detection
is based on the algorithm presented by Munjiza and Andrews (1998) and the forces
between contacting discrete elements are calculated with an elastic–viscous–plastic
normal force model and incremental Mohr-Coulomb tangential force model as
described by Hopkins (1992).
The elastic contact forces are based on the overlap area and the rate of change of the
overlap area of contacting elements, see Figure 6. Inelasticity is modelled by using a plastic
limit for thematerial. The total normal force of the cont ct is determined by equation
fn ¼ min fne þ fnv; fp
! "
; ð23Þ
Figure 6.
Contacting discrete
elements i and j
A
B
Figure 20: The contact search is based on overlapping elements. The overlapping
area of elements i and j is shown in grey. The vectors ri and rj are direction
vectors pointing from the centroid of an element to the centroid of the overlap area.
The force vector ftot is the sum of normal and tangential forces acting between the
interacting elements (Paavilainen et al., 2009).
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force ft is limited by a friction force that is proportional to fn. Thus the tangential
force is determined according to Coulomb friction by
ft = min{fte, µfn}, (37)
where µ is the coefficient of friction between the contacting elements.
The moment of the contact force acting on each element is defined as
m = r× ftot, (38)
where the moment arm r is a direction vector pointing form the centroid of an
element to the centroid of the area of overlap as illustrated in Figure 20.
3.4 External Forces
The external forces accounted for in the model are gravity, buoyancy and drag. The
drag force is
fd = −sign(v)|v|
1
2
ρwlpcdv
2, (39)
where ρw is the water density, lp is the projected length of the block in the direction of
velocity, cd is the drag coefficient and v is the velocity of an element. The buoyancy
is calculated from
fb = Asmρwg, (40)
where Asm is the submerged area of the element and g is the gravitational acceler-
ation. The gravity is defined as
fg = Abρig, (41)
where Ab is the area of the block and ρi is the density of ice. The total external
force is calculated as a sum of the force components
fext = fd + fb + fg. (42)
3.5 Simulations of the Ice-Structure Interaction
As mentioned before, FEM-DEM simulations with the details described above were
used to investigate the ice rubbling process against an inclined wall and the forces
exerted on the structure during this process. The structure and the simulation set-
up are illustrated in Figure 21. The figure shows the structure and the seabed in
dark grey, the water in light grey, and the white and light grey rectangular pieces
represent the ice sheet and the rubble. The structure extended 5 m above the water
level. The top of the structure was a flat surface where the rubble could accumulate
when overtopping occurred, as seen in Figure 21. The structure was assumed to be
infinitely rigid. The depth of the water, the ice thickness and the inclination angle,
were used as variables in the study.
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There are some restrictions to the applicability of the FEM-DEM model when
applied to the ice-structure interaction problem. First, the current model is two-
dimensional and thus it omits certain three-dimensional phenomena such as the
so-called clearing around narrow structures. For this reason, the model can only be
applied to investigate ice rubbling against wide structures. Furthermore, the use of
the model is limited to structures with sloping walls since it only includes a simplified
model for ice crushing (Paavilainen et al., 2011), which is a dominant failure mode
in ice-structure interactions with vertical walls. According to the simplified model,
compressive failure does not create new ice blocks or change their geometry.
A level, floating ice sheet was pushed against the structure at a constant velocity
vp from the left of the calculation domain as shown in Figure 21. The position of
the left boundary is a function of the velocity and position of the boundary node,
and thus the boundary was set 125 metres from the structure in order to minimise
its effect on the solution. Furthermore, a viscous damping boundary condition was
applied to approximate an infinitely long ice sheet that was fed to the calculation
domain from the left over the duration of the simulation. The boundary condition
was reduced from a semi-infinite beam model as explained in Paavilainen et al.
(2011).
In total, 64 individual simulations were run to investigate the effect of the ice
thickness to water depth ratio on the process and its outcome, such as the maximum
forces and the pile geometry. The most important parameters of the simulations are
listed in Table 1, and they were chosen according to the work of Paavilainen et al.
(2011) and a review by Timco and Weeks (2010). The ice thickness h varied from
0.5 m to 1.25 m and the water depth D was investigated in a range from 2.5 m to
15 m. The effect of the steepness of the wall was also studied with two values of
the inclination angle, α = 45◦ and α = 60◦. For simplicity, the friction coefficient
between the ice and the structure had the same value as the friction coefficient
between the ice and the seabed. The normal contact stiffness kne was always the
same as the effective modulus E and the value of the tangential contact stiffness kte
was chosen after the value of the shear modulus G. The initial velocity of the ice
Figure 21: Ice rubbling against a structure was simulated in shallow water. An
intact ice sheet is pushed towards the structure from the left and it breaks into
blocks of various sizes. The structure and the seabed are shown in dark grey and
the water in light grey. The figure does not show the whole simulation domain.
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Table 1: The main parameters used in the simulations. The structure height is
measured from the waterline.
Parameter Symbol Unit Value
Ice thickness h m 0.5, 1.25
Effective modulus E GPa 3.98...4.02
Poisson’s ratio ν - 0.3
Ice density ρi kgm−3 900
Tensile strength σf kPa 600
Shear strength τf kPa 600
Fracture energy Gf Jm−2 12
Water density ρw kgm−3 1010
Water depth D m 2.5...15
Ice-ice friction coefficient µii - 0.3
Ice-structure friction coefficient µis - 0.1
Contact normal stiffness kne GPa 3.98...4.02
Plastic limit σp MPa 2.0
Inclination angle α ◦ 45, 60
Structure height hs m 5
Time step ∆t s 2.0 · 10−5
Ice sheet velocity vp ms−1 0.05
Element length L0 m 0.25
Drag coefficient dc - 2.0
sheet was v = 0 m/s and it accelerated linearly to the constant velocity vp during a
time interval t = [0, 1] s. The duration of each simulation was 5000 s corresponding
to 250 m of ice being pushed against the structure. Similarly to Paavilainen et al.
(2011), the element length was chosen to be L0 = 0.25 m and the time step used in
the simulations was ∆t = 2.0 · 10−5 s. The value of the internal damping coefficient
was proportional to the critical damping of a damped spring-mass system 2
√
mE,
where m is the mass of a discrete element.
According to Paavilainen et al. (2011), the model is sensitive to certain param-
eters, such as the effective modulus. Thus slightly altering the effective modulus,
the solution follows a different path and the process details change. Therefore, the
effective modulus was varied according to Table 1 to obtain data sets that could be
used to study the general trends of the process. In total, five replicate simulations
with ice thickness h = 1.25 m and three replicate simulations with ice thickness
h = 0.5 m were run at each water depth. The data of each simulation was recorded
at an output rate 0.08 s. This data included forces on the structure walls and on
the seabed and contact data between the individual blocks and the structure.
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4 Results and Analysis
This section presents the results of the simulations. The results described here
include examining the load response and maximum loads of the simulations, and
discussing the effects of grounding on the observed phenomena. Furthermore, the
rubble pile geometry and its deformation patterns related to load peaks and over-
topping are analysed. Finally, the load distribution in the rubble pile is investigated
by studying the so-called force chains.
4.1 Load Response
Figure 22 illustrates the original force record of a simulation in red. In order to
remove the peaks due to sudden impacts, the data was filtered using a 3-point
median filter as done by Paavilainen et al. (2011). For comparison, the filtered data
is shown in black in the figure. All the results presented in this chapter are based
on the filtered data.
4.1.1 Load Records
Figure 23 gives typical force records of a simulation as a function of the length of ice
pushed against the structure L. Figure 23a shows the horizontal force SH exerted on
the structure and Figures 23b and 23c show, respectively, the horizontal and vertical
forces, BH and BV , acting on the seabed. The figures show the recordings of the
simulations with water depth D = 5 m and with two ice thicknesses, h = 1.25 m
(D/h = 4) in black and h = 0.5 m (D/h = 10) in grey. The data is recorded from a
simulation with the wall angle α = 45◦. When the water depth was 10 m or more,
the rubble was only occasionally in contact with the seabed or it was not grounded
at all. The force records in Figures 23b and 23c represent cases with D < 10 m
when rubble was grounded.
Figure 23a shows how SH follows a pattern where the force gradually grows and
then abruptly drops repeatedly over the duration of the simulation. In this work,
this type of period in the load record between a load increase with an overall growing
Figure 22: The horizontal force on the structure SH as a function of the length of
ice pushed against the structure L. The data was filtered using a 3-point median
filter to remove peaks due to sudden impacts. The raw data is shown in red and the
filtered data is shown in black.
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(a)
(b)
(c)
Figure 23: Typical load history of the simulations as a function of the length of ice
pushed against the structure L: (a) horizontal force SH on the inclined part of the
structure, (b) horizontal force BH on the seabed and (c) vertical force BV on the
seabed. The figures show data obtained from simulations with water depth D = 5
m, inclination angle α = 45◦ and ice thicknesses h = 1.25 m (in black) and h = 0.5 m
(in grey). The positive direction of the forces is towards the structure for horizontal
forces and downwards for the vertical force.
trend and a major load drop is called a load event. The duration of these so-called
peak load events was typically equivalent to 5 to 15 m of ice being pushed against
the structure. Comparison of the load records with the two different ice thicknesses
in Figure 23a shows that the load levels with the thin h = 0.5 m ice were only about
one fifth of the average load level exerted on the structure by the thick h = 1.25 m
ice. However, similar successive load events were observed with both ice thicknesses.
To illustrate this further, a re-scaled load record of the simulation with h = 0.5 m
is given in Figure 24.
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Figure 24: A re-scaled load record of the simulation with the ice thickness h = 0.5
m shows that successive peak loads are observed on the structure wall when the thin
ice interacts with the structure. SH is the horizontal force on the structure and L
is the length of ice pushed against the structure.
The sign of the horizontal bottom force BH in Figure 23b is changing due to
the changing direction of motion of the ice blocks interacting with the seabed. The
values of BH are, however, predominantly positive, which implies that the ice is
moving towards the structure most of the time and the seabed resists this motion.
The positive sign of the force acting on the seabed indicates an equivalent frictional
force with an opposite sign acting on the ice blocks that are in contact with the
seabed.
The magnitude of the load BH was approximately 10 to 15 % of the loads on
the structure SH at the instants of load peaks, which suggests that the seabed is
only carrying a minor portion of the load. Furthermore, comparison between SH in
Figure 23a and BH in Figure 23b shows that load drops on the structure wall often
coincide with load drops on the seabed, which suggests that the load events on the
wall correlate with load events on the seabed.
The absolute value of the horizontal bottom force BH and the vertical bottom
force BV typically had an increasing trend as shown by Figures 23b and 23c. This
increase in the magnitude of the seabed force components is caused by the increas-
ing amount of grounded ice rubble in front of the structure as more ice is being
pushed against it. The increasing weight of the ice rubble causes an increase in the
supporting force of the seabed. This, in turn, is linked to the horizontal force BH
through Coulomb friction and thus the forces BV and BH grow simultaneously.
The effects of grounding were more pronounced in the shallowest water, as would
be expected. This is shown by Figures 25a and 25b, which illustrate typical load
records of the simulations with D = 2.5 m at wall angles α = 60◦ and α = 45◦,
respectively. The ice thickness in these simulations was h = 1.25 m and the ratio
D/h = 2. It can be seen that the load events in the shallowest water are more
frequent when compared with the load events of the simulations with D = 5 m in
Figure 23a. Furthermore, the front slope of various load peaks is now steep and the
load drop is more gradual. This is contrary to the gradual load build-up and the
abrupt load drops in deeper water. Comparison of Figures 25a and 25b reveals that
the load peaks at α = 60◦ were significantly higher than at α = 45◦. For all the
simulations, the general trend was that the highest load peaks typically occurred
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(a)
(b)
Figure 25: Typical horizontal wall force from a simulation in the shallowest water
(D = 2.5 m) at two different wall angles (a) α = 60◦ and (b) α = 45◦. The force
records are obtained with the ice thickness h = 1.25 m.
with the 60◦ wall. The magnitude of the forces on the seabed was similar at both
wall angles, except when D = 2.5 m and h = 1.25 m as the forces BH and BV at
α = 60◦ were approximately double the forces at α = 45◦.
The frequent load peaks with a sudden increase and gradual load drop formed
a zigzag-like pattern that was found to be related to intense overtopping. During
this zigzagging, several sharp short-term load peaks with approximately the same
peak value occur successively. Examples of this are seen in Figure 25a when L ∈
[110 m, 160 m] and in Figure 25b when L ∈ [120 m, 183 m]. The duration of the
peaks was typically equivalent to 2 m of ice being pushed against the structure. The
zigzagging in Figure 25a ends with a sudden load drop at L = 160 m, followed by a
close-to-constant load with marginal load peaks when L ∈ [160 m, 195 m]. Similar
behaviour can be observed in Figure 25b.
4.1.2 Peak Loads
The design of Arctic offshore structures is usually based on the maximum ice load
applied on the structure. Thus the maximum wall forces SmH at each wall angle
and ice thickness were averaged and plotted as a function of the water depth. The
maximum forces were extracted at two stages of the simulation: (1) at the initial
stage (L < 50 m) when no large rubble pile has formed and the ice is mostly failing
against the structure, and (2) at the later stage (150 m ≤ L ≤250 m) when a large
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rubble pile has formed and the ice is likely to fail against it. The maximum force
of the whole simulation was also extracted and averaged. The maximum forces and
their averages at different stages of the simulation are shown in Figure 26. Figure
26a shows the peak loads from the initial part of the simulations, while Figure 26b
gives the peak loads from the final stage of the simulation and Figure 26c from
the whole simulation. The relative scatter of the results was rather high and the
variation in the peak load values obtained with the thicker ice appeared to be larger
than in the values obtained with the thin ice, as suggested also by Paavilainen and
Tuhkuri (2012).
The water depth seems to have a strong effect on the magnitude of the maximum
loads. As the water depth decreases, the SmH values increase as shown by Figure 26.
This was most clearly observed with the thicker ice h = 1.25 m towards the end of
the simulation (see Figure 26b). For instance, if the SmH value with D = 10 m and
α = 45◦ is chosen as a reference point, the SmH value with D = 5 m is approximately
20 % higher than that and the SmH value with D = 15 m 40 % smaller. It should
be noted that due to one outlier with the wall angle α = 60◦ at the water depth
D = 5 m, the average raises to a higher value than at the water depth D = 2.5 m.
However, with the thinner h = 0.5 m ice the simulations at each water depth resulted
in approximately equal peak load values. An exception to this are the simulations
with D = 2.5 m which led to slightly higher maximum forces (see Figure 26b).
Furthermore, Figure 26 shows that the ice thickness h strongly affects SmH values, as
expected based on the results in Paavilainen and Tuhkuri (2012) and Ranta et al.
(2014). The simulations with h = 1.25 m gave three to four times higher peak loads
than the simulations with h = 0.5 m.
The results appear to be more affected by the ice thickness h than the ratio D/h
since the increase of the SmH values in shallow water is more rapid with h = 1.25 m
than with h = 0.5 m. Furthermore, the results obtained with obtained with D/h
ratios related to h = 0.5 m were predominantly lower than the results obtained with
D/h ratios related to h = 1.25 m. Thus the maximum loads seem to be determined
by the ice thickness h rather than the ratio D/h. Paavilainen and Tuhkuri (2012)
and Ranta et al. (2014) also found that the ice thickness is the governing variable
in the formation of maximum loads.
When the rubble was grounded, the angle α affected the maximum loads through-
out the simulations. Comparison of Figures 26a and 26b reveals that the SmH values at
different wall angles diverge as the simulation proceeds when the rubble is grounded
and approach each other when the rubble is not grounded. The effect becomes more
pronounced with h = 1.25 m when comparing the SmH values with D = 5 m and
D = 15 m. The observation suggests that the effect of the inclination angle does not
vanish towards the end of the simulation in shallow water but it affects the process
throughout the simulation.
4.1.3 Grounding and Its Effects
The maximum depth of the rubble pile in shallow water is limited by the seabed.
When the rubble pile reaches the maximum water depth, the rubble interacts with
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Beginning of the simulation
h = 1.25 m h = 0.5 m
(a)
End of the simulation
h = 1.25 m h = 0.5 m
(b)
The whole simulation
h = 1.25 m h = 0.5 m
(c)
Figure 26: Maximum horizontal load SmH values on the inclined part of the structure
(a) at the initial stage of the simulation, (b) at the final stage of the simulation
and (c) during the whole simulation. The figures show the results of the individual
simulations, their average and the standard deviation with different wall angles. The
results from the simulations with ice thickness h = 1.25 m are on the left and the
results with the ice thickness h = 0.5 m on the right. It should be noted that the
scale of the plots is not constant between the plots on the left and on the right.
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the seabed. The effects of rubble grounding in the simulations were first studied
examining the force BV on the seabed as it correlates with the mass of ice in contact
with the seabed. As was illustrated by Figure 23c above, the BV records showed
fluctuations and sudden impacts. To eliminate their effect, rubble grounding was
estimated calculating the average of the vertical force on the seabed, B¯V , over the
duration of the simulation. This was applicable, since BV showed an increasing trend
when grounding had occurred and the rubble stayed in contact with the seabed.
Similarly, the average of the absolute value of the horizontal force on the seabed
¯|BH | was calculated to study the effect of grounding. The absolute value of BH was
used because BH changes its sign during the simulation as described above, and
thus averaging it without the absolute value would yield values close to zero.
The results on BV indicate that the amount of grounded rubble decreased rapidly
as the water depth increased. This is shown by Figure 27 which gives BV values
from all the simulations, their average and the standard deviation of the results as a
function of water depth D. When D = 10 m or more, hardly any or only occasional
grounding occurred regardless of the ice thickness. The results with less grounded
rubble with each D were from simulations with h = 0.5 m, as can be verified by
comparing the load records of the two different ice thicknesses in Figure 23c.
The simulation results suggest an increasing trend with a decreasing D/h ratio
even if the scatter is quite large. The load on the seabed gets higher values as the
force on the wall increases, which further supports the observation that the grounded
rubble increases the loads on the wall instead of decreasing them. This is shown by
Figure 28a, which gives the SmH values plotted against the average vertical force on
the seabed B¯V . The results were obtained with the wall angle α = 60◦ and only
D/h ratios with clearly grounded rubble were considered (D = 2.5 m and D = 5
m). Similar observation can be made from Figure 28b which presents the maximum
horizontal force on the structure wall SmH plotted against ¯|BH |. Therefore, it appears
that rubble grounding is related to an increase in SmH .
Figure 27: Average vertical force on the seabed B¯V as a function of water depth D
was used as an indicator for rubble grounding. The rubble was grounded at D < 10
m regardless of the ice thickness. The data from all the simulations was used to
obtain the estimate for ground at each D.
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α = 60◦
(a)
α = 60◦
(b)
α = 45◦
(c)
α = 45◦
(d)
Figure 28: An increasing trend can be observed when the maximum horizontal force
on the wall SmH is plotted against (a) & (c) the average vertical force on the seabed
B¯V and (b) & (d) the average of the absolute value of the horizontal force on the
seabed ¯|BH |. The figures (a) and (b) are obtained with the wall angle α = 60◦ and
the figures (c) and (d) with the wall angle α = 45◦.
The ratio D/h = 2 yielded lower forces on the seabed than the ratio D/h = 4
when α = 45◦, which is contrary to the results with α = 60◦. This is shown by
Figures 28c and 28d which represent the SmH values plotted against the forces B¯V
and ¯|BH |, respectively, with the wall angle α = 45◦. It is suggested that the low
bottom forces at D/h = 2 are caused by intense overtopping occurring at that ratio,
as will be discussed in Section 4.2.4. The amount of ice in the simulations is constant
and thus, when a large volume of ice is pushed on top of the structure, less rubble
is grounded reducing the force on the seabed.
4.2 Deformation Patterns and Overtopping
During the simulations, several events occurred that changed the rubble pile config-
uration. The changes in the pile geometry were often related to concurrent events
on the load records, and two main types of deformation patterns related to different
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load events were observed: ride-up events and events related to intense overtopping.
Furthermore, both these deformation processes were strongly affected by the seabed.
This chapter describes how the rubble pile deformed during the ride-up events and
overtopping, and how the pile geometry changed over the whole duration of the sim-
ulation. Finally, the effect of the simulation variables on the amount of overtopped
ice is discussed.
4.2.1 Rubble Pile Deformation in a Ride-Up Event
The load events, such as the one in Figure 23a, were often related to so-called ride-up
events where the advancing ice pushes the rubble along the structure until the rubble
pile suddenly collapses. The rubble behaviour during a load event is illustrated in
Figures 29 and 30. The figures show a close-up of the SH−L record related to a load
event with three marked instants corresponding to different stages of the load event:
instant (1) marks the onset of the load event, instant (2) is the peak force during the
load event and (3) is an instant immediately after the load drop. Furthermore, the
snapshots in the figures show the configuration of the rubble pile at instants (1)-(3)
and the average velocities v¯x and v¯y between these instants. The average velocity
at instant (1) was obtained from an interval equivalent of 0.6 m of ice being pushed
against the structure before the onset of the load event. It should be noted that the
scale of the plots is not kept constant between the figures due to large variance in
the velocity values between the instants.
The main features of the instants (1)-(3) of the ride-up event and the correspond-
ing rubble configurations in Figures 29 and 30 are as follows:
(1) The rubble pile is at rest in front of the structure before the load starts to
increase. The largest velocities are at the left edge of the pile where the intact
ice is being pushed towards the structure. In addition, the pile extends far
from the structure along the seabed and the pile does not rise largely above
the water level in the vertical direction.
(2) As more ice is pushed against the structure, the rubble pile starts to move
and the force on the structure wall starts to increase. During the gradual
increase of the load, all the ice blocks are in motion. The pile moves towards
the structure and, upon reaching it, starts to ride up its wall. When the peak
of the load event is reached, a large amount of rubble has been pushed against
the structure and the left edge of the pile has moved closer to the structure.
(3) After reaching the peak value at (2), the rubble pile abruptly collapses, which
is seen as a sudden load drop in the load history. During this load drop, the
rubble pile undergoes major changes in its configuration. This is shown by the
large negative velocities in the snapshots indicating that the ice blocks close
to the structure have rapidly moved down and the whole pile has slid away
from the structure along the seabed. Furthermore, overtopping has occurred
during the load event, as shown by the increased volume of ice on top of the
structure.
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(1)
(2)
(3)
Figure 29: A close-up of a SH − L record showing a load event and snapshots
illustrating the configuration of the rubble pile during the load event: (1) at the
onset of the load event, (2) at the peak and (3) after the load drop as illustrated in
the load record. The colours illustrate the average horizontal velocities v¯x between
the instants. The velocity in (1) was recorded during an interval equivalent to 0.6
m of ice being pushed against the structure before the onset of the load event.
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(1)
(2)
(3)
Figure 30: A close-up of a SH − L record showing a load event and snapshots
illustrating the configuration of the rubble pile during the load event: (1) at the
onset of the load event, (2) at the peak and (3) after the load drop as illustrated in
the load record. The colours illustrate the average horizontal velocities v¯y between
the instants. The velocity in (1) was recorded during an interval equivalent to 0.6
m of ice being pushed against the structure before the onset of the load event.
47
As seen from the sequence of snapshots in Fugures 29 and 30, the accumulating
rubble forms an unstable buffer zone in front of the structure in shallow water.
During a ride-up event, the buffer becomes mobilised and reaches its minimum
size at the peak of the load event. Thus the buffer does not protect the structure
from loads, unlike predicted by Timco and Wright (1999) and the ISO standard
(International Organization for Standardization, 2008).
4.2.2 Rubble Pile Deformation During Overtopping
In the shallowest water, the nature of the ice-structure interaction process changed
and became characterised by intense overtopping rather than ride-up-events. Intense
overtopping in shallow water generally occurred in two alternative ways: either the
ice advanced to the structure along the seabed or on top of a grounded rubble pile.
As mentioned in Section 4.1.1, the zigzag-like pattern in the load record was observed
when intense overtopping occurred with D = 2.5 m. During this zigzagging, which
consisted of several load events with a sudden load increase and a gradual load drop,
the ice advanced to the structure along the seabed.
The rubble behaviour during intense overtopping is illustrated in Figures 31-34.
Figure 31 shows a load sequence of a SH−L record which is divided into six instants:
at (1) the load event is yet to start, at (2) the load suddenly increases towards the
peak at (3) and then starts gradually decreasing to (4). Instant (5) indicates the
peak of the last load event in the sequence and instant (6) indicates the close-to-
constant load on the wall some time after the load sequence. Figure 32 shows the
rubble pile configurations and average speeds of the ice blocks v¯tot at instants (1)-(4).
The average speed at (1) was obtained during an interval equivalent to 0.35 m of
ice being pushed against the structure. Figures 33 and 34 show the piles and speeds
at instants (5) and (6), respectively. The scale of the plots is not constant between
the figures due to large variance in the speeds between the instants.
The main features of the instants (1)-(4) of an overtopping event in Figure 31
and the corresponding rubble configurations in the snapshots in Figure 32 are as
follows:
(1) Most of the rubble is at rest and the ice advances to the structure along the
seabed. A gap remains between the advancing ice and the structure close to
the seabed.
(2) The ice advances to the structure and the rubble is in contact with the struc-
ture on the whole length of the wall. The ice has just reached the wall but the
force on the wall remains low.
(3) As more ice is pushed against the structure, the ice gets compressed against
the wall. The movement of the ice is constrained when it confronts the angle
between the structure and the seabed, and a sudden load increase is observed.
A small gap has again formed between the rubble and the seabed close to the
structure but the rest of the pile has remained immobile.
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Figure 31: A close-up of the SH − L record shows a sequence of sharp load peaks
with a sudden load increase and a gradual drop. Instant (1) marks the situation
before the onset of the peak, instant (2) marks the onset of the peak, instant (3) is
the peak of the load event and instant (4) is the end of the load event. Instant (5)
is the peak of the last load event of the sequence and instant (6) marks the constant
load after the last load drop. The instants (1)-(4) correspond to the snapshots in
Figures 32 and the instants (5) and (4) to the snapshots in Figures 33 and 34.
(4) The compression decreases gradually as the ice turns to ride up along the
structure. The advancing ice pushes the blocks up along the wall and on top
of the structure so that a large gap forms between the wall and the advancing
rubble. The ice blocks that are at the corner of the structure and the seabed
are just about to touch the wall and a new load event is about to begin.
Grounding clearly affected the deformation patterns of the rubble in the overtopping
cases in shallow water. The ice primarily advanced to the structure so that it bent
slightly downwards and moved towards the structure pressed against the seabed by
the rubble on top of the moving ice, while the rest of the pile remained relatively
stationary. When the ice reached the structure, it was forced to turn and move up
along the wall forming several small ice blocks. This is shown by Figure 33, which
shows v¯tot of the rubble recorded over the whole zigzagging load sequence up to the
instant (5) in Figure 31. The ice was constantly pushed on top of the structure
during the load sequence and the process took place close to the structure. The left
edge of the rubble pile did not extend far from the structure, its height increased
and a large amount of rubble accumulated on top of the structure.
After the instant (5) of Figure 31, the pile collapses and a sudden load drop is
observed in the load record. On the collapse, the pile extends far from the structure
along the seabed and remains stationary as shown by Figure 34 which illustrates the
rubble configuration and the average velocities v¯x and v¯y at instant (6) of Figure 31.
The velocities in the figure are calculated on an interval that is equivalent to 9 m of
ice pushed against the structure. The process has shifted from the structure to the
left edge of the pile where the largest v¯x values occur. Here the rubble has formed
a protective buffer as the ice fails against the grounded rubble pile and the force
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(a)
(b)
(c)
(d)
Figure 32: A load event during the zigzag-like pattern and overtopping. The num-
bers (1)-(4) refer to the instants indicated in Figure 31: at (1) the load event is
yet to start, at (2) the load increases towards the peak at (3) and then gradually
decreases to (4). The legend indicates the average speed v¯tot between consecutive
instants. For the instant (1), the average speed was obtained during an interval
equivalent to 0.35 m of ice being pushed against the structure.
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Figure 33: The rubble configuration before the major load drop at instant (5) in
Figure 31 shows that the ice primarily advances to the structure and on top of it
along the seabed while the rest of the pile remains stationary. The average speed
v¯tot is calculated over the duration of the whole load sequence in Figure 31.
(a)
(b)
Figure 34: The rubble pile remains practically immobile and it has extended far
from the structure when a constant load is observed in the load record at instant
(6) in Figure 31, as seen from the small average velocities (a) v¯x and (b) v¯y. The
average velocities were calculated during an interval equivalent to 9 m of ice being
pushed against the structure before the instant (6).
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transmitted to the structure is mostly caused by the rubble resting against it. Thus
the overall forces on the structure are low and have a constant value. This behaviour
was generally observed in the shallowest water towards the end of the simulation
when large rubble piles had accumulated in front of the structure. Furthermore, a
protective buffer zone occasionally formed in the simulations with the thicker ice
and D = 5 m.
The simulations suggest that, in some cases, a stationary grounded rubble pile
provides support for advancing ice and thus facilitates overtopping. This was ob-
served with D = 5 m when the ice sheet slid on top of the rubble pile and advanced
to the structure as shown in Figure 35. The average speed of the ice blocks in the
figure was recorded over an interval equivalent to 40 m of ice pushed against the
structure. The figure clearly shows that grounding affects the process in a way that
facilitates overtopping.
4.2.3 Rubble Pile Geometry
According to the ISO standard (International Organization for Standardization,
2008), large grounded rubble piles may form a protecting buffer in front of a struc-
ture. Thus the rubble pile formation and overtopping were investigated further by
using rubble pile dimensions and volume to study the effect of the buffer provided
by the grounded rubble, and to examine how grounding affects the evolution of the
rubble pile during the simulation.
The rubble pile dimensions, width wp, height hp and depth Dp, were defined
as illustrated in Figure 2 in Section 1.1. To distinguish the rubble pile from the
overtopped ice, the maximum horizontal coordinate of the pile was defined as the
point where the inclined part of the structure ends and the level surface begins.
Thus the height of the pile hp was set as the maximum vertical coordinate of the
pile between the left edge of the pile and structure. The depth of the pile Dp was
defined as the minimum vertical coordinate in the pile, limited by the seabed in the
cases when grounding occurred. The pile height and width were measured from the
water level. The left edge of the pile was defined to be the point where the thickness
Figure 35: The grounded rubble remains stationary providing support for the ice
sliding on top of it and advancing towards the structure. The support provided by
the seabed thus facilitates overtopping. The legend shows the average speed v¯tot
calculated on an interval equivalent to 40 m of ice pushed against the structure.
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of the pile hp + Dp < 1.05h, where h is the ice thickness. The width of the pile wp
was thus defined as the distance between the point where the minimum pile height
condition was satisfied and the point where the pile satisfies the condition set by the
structure geometry. Further, the ice blocks with their centroid being on the right
side of the top of the inclined part of the structure were considered overtopped.
The simulations showed that the changes in the pile height hp were connected to
changes in the pile width wp when the rubble was grounded: hp increased simulta-
neously with decreasing wp when the rubble was pushed against the structure. This
is illustrated by Figure 36, which gives the pile width wp, height hp and depth Dp
as functions of the length of ice pushed against the structure L during a simulation
with grounded rubble. The data is from a simulation with the wall angle α = 45◦,
water depth D = 5 m and ice thickness h = 1.25 m.
The fluctuations of wp in Figure 36a were observed throughout the simulation,
which indicates that the rubble does not form a stable protecting buffer zone even
though the wp value increases during the whole interaction process. The pile height
hp illustrated in Figure 36b also has an increasing trend. The height undergoes
several gradual increases followed by sudden drops. Furthermore, Figure 36c shows
that the rubble grounds relatively soon after the beginning of the simulation. Once
the rubble grounds, the depth of the pile remains equal to D. This occurred in
simulations with D = 2.5 m and D = 5 m where the rubble grounded.
When the rubble is floating, the correlation between the pile width wp and height
hp values towards the end of the simulation is not as pronounced as it is with
grounded rubble, as shown by Figure 37. The figure illustrates the pile width wp,
height hp and depth Dp as functions of the length of ice pushed against the structure
L during a simulation with floating rubble. The data is from a simulation with wall
angle α = 45◦, water depth D = 15 m and ice thickness h = 1.25 m. Figure 37a
shows that wp has an increasing trend but the fluctuations in its value are smaller
when compared with wp values of grounded rubble in Figure 36a. Furthermore,
similarly to the grounded rubble, hp of non-grounded rubble repeatedly increases
and drops as shown in Figure 37b but the fluctuation decreases towards the end of
the simulation and the overall height remains lower than the height of a grounded
rubble pile. The depth of the pile, illustrated in Figure 37c, has an increasing trend
throughout the simulation, as opposed to the constant value limited by the seabed
when the rubble is grounded.
As already mentioned above, the whole rubble pile becomes packed towards
the wall and grows in height when the force on the wall increases during a load
event. The correlation between the pile geometry and the load on the structure
was studied by comparing the normalised pile dimensions with the normalised force
during a peak load event. The wp, hp and SH values were normalised so that each
quantity was divided by its maximum value during the load event. Figure 38 shows
a close-up of the normalised force SH and the pile dimensions hp and wp as functions
of the ice pushed against the structure L during one load event. The figure shows
a clear correlation between the pile dimensions and the force: When the force on
the wall increases, the pile height increases and the pile width gradually decreases.
Furthermore, when the load suddenly drops, a drop is observed in the pile height. At
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(a)
(b)
(c)
Figure 36: The simulation history of (a) the pile width wp, (b) the pile height hp and
(c) the pile depth Dp as functions of the length of ice pushed against the structure
L. The pile dimensions represent a simulation with grounded rubble.
the same time, the pile width suddenly increases. This correlation of simultaneous
changes in the pile dimensions and the wall force supports the observation that the
load peaks are related to the ride-up events.
The rubble width at the end of the simulation was investigated to study the
effect of the water depth and the ice thickness on the formation of a protective
rubble buffer. As Figure 37a showed, the width of the pile as a function of the
length of the pushed ice fluctuates and undergoes sudden peaks and changes in its
value. Therefore, to eliminate the effect of these fluctuations and sudden peaks,
the width of the pile at the end of the simulation w¯p was estimated by calculating
the average value of the pile width from the last 100 m of the simulation. After
estimating the pile width at the end of each individual simulation, the average pile
width was obtained by calculating the mean end pile width of all the replicate
simulations. Figure 39 illustrates the average pile width at the end of the simulation
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(a)
(b)
(c)
Figure 37: The simulation history of (a) the pile width wp, (b) the pile height hp and
(c) the pile depth Dp as functions of the length of ice pushed against the structure
L. The geometry data represents a simulation without grounded rubble.
at different water depths D and wall angles α. Figure 39a shows the results obtained
with the thick ice (h = 1.25 m) and Figure 39b shows the results obtained with the
thin ice (h = 0.5 m). Comparison of Figures 39a and 39b shows that using the thick
ice generally results in longer rubble piles than the thin ice, excluding the results
with h = 1.25 m and D = 2.5 m. The longer piles with thicker ice are naturally
caused by the larger overall volume of the ice pushed against the structure during
one simulation. The thicker ice also leads to larger scatter in the results.
The rubble pile width at the end of the simulation is typically similar with
both wall angles. Furthermore, the pile width generally has a decreasing trend
as the water depth increases. However, the results obtained with h = 1.25 m
and D = 2.5 m are an exception to this as the pile widths at this water depth
are substantially shorter when compared with the pile widths at D = 5 m (see
Figure 39a). In addition, the simulations with α = 45◦ in this water depth lead to
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Figure 38: The normalised pile height hp (in red), width wp (in blue) and the force
on the wall SH (in black) as functions of the length of ice pushed against the wall
L during a peak load event. Each quantity is normalised with respect to its largest
value during the load event.
significantly shorter rubble piles than the simulations with α = 60◦. This is due to
the intense overtopping that occurs with the thick ice in the shallowest water, as
will be discussed in Section 4.2.4.
The rubble pile tends to grow horizontally when it is grounded at D ≤ 5 m
and vertically when it is not in contact with the seabed. This is seen when the w¯p
values of the grounded rubble are compared with the w¯p values of the non-grounded
rubble. In shallow water, w¯p has a greater value compared with the results with
floating rubble. For instance, the w¯p values of the simulations with h = 0.5 m and
D = 2.5 m are approximately 42.5 m (see Figure 39b). When the water depth
increases to 5 m, w¯p drops to approximately 30 m. Further decrease in the pile
width is observed at D = 10 m and D = 15 m. When the decreasing trend in w¯p
with increasing D is compared with the typical wp and hp records of the simulation
in Figures 36 and 37, it can be concluded that the rubble pile grows vertically until
the growth is prevented by the seabed. In shallow water, the proximity of the seabed
limits the vertical growth of the pile and thus its horizontal growth dominates the
evolution of the pile dimensions.
4.2.4 Overtopping
The volume of the overtopped ice VT at the end of each simulation and their mean
value at each D and α were calculated. Figure 40 shows VT as a function of D at
both wall angles and ice thicknesses. The amount of ice on top of the structure is
significantly higher with D = 2.5 m and h = 1.25 m than in the other cases, as seen
in Figure 40a. In the simulations with these parameters, the large VT values are
related to low wp values (see Figure 39a), as the total volume of ice pushed against
the structure during the simulations was constant.
Comparison of the results at different wall angles shows that VT was approx-
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h = 1.25 m
(a)
h = 0.5 m
(b)
Figure 39: Average pile width w¯p during the last 100 metres of the simulations as a
function of the water depth D obtained with (a) ice thickness h = 1.25 m and (b)
ice thickness h = 0.5 m.
imately constant with both α. However, the wall angle α = 45◦ seems to result
in more intense overtopping, especially at D = 2.5 m and h = 1.25 m. This is a
natural result of less force being required to push the rubble up along the wall with
the smaller slope angle.
Figure 40a shows that overtopping was the most intense when the rubble formed
from the thick ice was grounded. On the other hand, grounding did not affect the
tendency of overtopping when the ice was thin, as seen in Figure 40b. Overall, the
VT values appear to increase as D decreases, which results in decreased forces on the
seabed when the overtopping is intense. This can be seen by comparing Fiugres 28
and 40a: the loads ¯|BH | and B¯V related to h = 1.25 m and D = 2.5 m (D/h = 2)
at α = 45◦ are lower than the loads in deeper water with less overtopping.
In total, overtopping was observed in approximately 60 % of the 64 simulations.
In approximately two thirds of the cases when overtopping occurred, overtopping
was found to occur simultaneously with the maximum force on the wall.
57
h = 1.25 m
(a)
h = 0.5 m
(b)
Figure 40: Volume of the overtopped ice at the end of the simulations as a function
of the water depthD obtained with (a) ice thickness h = 1.25 m and (b) ice thickness
h = 0.5 m.
4.3 Force Chains
The normalised block stresses were calculated to study the existence of so-called
force chains in the rubble during load events. The block stresses are defined by the
sum of the contact forces acting on the block divided by the area of the block (Peters
et al., 2005), and they were normalised with respect to the maximum stress at the
instant of the peak of the load event. The blocks with higher than the average stress
in the rubble form a network of particles called a force chain (Peters et al., 2005),
which demonstrates how the forces are distributed in the rubble and how they are
transmitted to the structure.
Figure 41 shows the stress distribution in the rubble pile at the onset of a load
peak, at the peak and after the peak during a ride-up event illustrated in the figure.
The stresses in the figure are normalised with respect to the highest stress at instant
(2) of the load event. Snapshot (1) of Figure 41 illustrates the pile at the onset of the
load event. At this stage, the rubble pile is loose and free from stress concentrations,
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(1)
(2)
(3)
Figure 41: A close-up of a SH − L record showing a load event and snapshots
illustrating the normalised block stress in the rubble during the load event: (1) at
the onset of the load event, (2) at the peak and (3) after the load drop as illustrated
in the load record. The stresses were normalised with respect to the highest stress
at the peak of the load event (2).
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in other words, the stresses in the rubble pile are evenly distributed and no force
chains are observed. The load on the structure is mostly caused by the rubble at
rest against it.
As more ice is pushed against the structure, the pile compresses against the
structure and force chains begin to form. The stress distribution at the instant of
the peak load is illustrated in Snapshot (2) of Figure 41, which shows a pronounced
force chain transmitting the loads to the structure. The largest stresses are in the
ice pushing the rubble at the left edge of the pile. As the figure shows, the forces are
then transmitted to the structure along a network of ice blocks that passes through
the rubble pile below the water line and partly along the seabed.
After the collapse of the rubble pile denoted as instant (3), the stress state in
the rubble pile is released as shown in Snapshot (3) of Figure 41. The force chain
is no longer observed and there is no compression in the advancing level ice sheet.
The rubble pile is more loosely packed and the forces are distributed evenly in the
rubble pile.
Similar force chains were found to be characteristic of all ride-up events with
grounded rubble. The force chains in floating rubble were generally similar to the
force chains in grounded rubble. However, in some cases, slight branching of the
force chains was observed. In addition, sometimes the force chain strongly diverted
downwards with D = 10 m when the rubble was partly in contact with the seabed.
An example of a downward diverted force chain with slight branching is given in
Figure 42. Furthermore, in the overtopping events where the majority of the rubble
remained stationary, such as in the events illustrated in Figures 32 and 35, a force
chain was observed in the ice blocks with the highest average speeds.
The sudden collapse of the rubble pile and the load drop related to that were
often caused by buckling of the force chain. This is illustrated in Figure 43. Figure
43a shows the stress distribution in the rubble before the load drop and Figure 43b
shows the stresses directly as the load starts to drop. The stresses are normalised
Figure 42: In some cases, the force chains branched and strongly diverted down-
wards. The diverted force chains were observed especially at D ≥ 10 m when the
rubble was partly in contact with the seabed. The stresses of the ice blocks are
normalised with respect to the highest stress in the rubble.
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(a)
(b)
Figure 43: The sudden load drops and pile collapses related to ride-up events were
often caused by buckling of the force chain. (a) shows the force chain at the peak
of a load event and (b) shows how the force chain loses its stress carrying capacity
as it buckles at x ≈ 91 m. The stresses in (a) and (b) are normalised with respect
to the highest stress in (a).
with respect to the highest stress during the peak in Figure 43a. At the peak of
the load event, the forces are transmitted to the structure along a force chain that
diverts slightly downwards. As the advancing ice increases the compression in the
rubble, the force chain buckles at x ≈ 91 m. As a result, the rubble pile collapses
and the load on the wall abruptly drops.
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5 Discussion
In this section, the simulation results are compared with full-scale observations and
laboratory experiments. The loads and the deformation patterns are compared with
the available data and the causes of the phenomena observed in the simulations
are examined. The effect of the simulation parameters, such as the friction on the
seabed and the simulation run time, are discussed and the applicability of the results
is evaluated.
5.1 Ice Loads in the Simulations, Laboratory and Full-Scale
Based on the previous work by Timco et al. (1989), Sudom and Timco (2009) and
Croasdale (2012), the ice load on the structure would be expected to reduce due
to grounded rubble. However, the simulations on the ice-structure interaction here
produced results that were contrary to the expected outcome as the load on the
structure increased when the water depth decreased (see Figure 26). The increase
in the peak forces was approximately 33 % and 92 % with the thick ice at 45◦ and
60◦, respectively, when the loads on the structure in the cases with grounding were
compared with the loads without grounding. With the thin ice, the corresponding
increases were 50 % and 75 %.
Sudom and Timco (2009),Timco and Wright (1999), and Timco and Johnston
(2004) report field observations on the load reduction on offshore structures due
to grounded rubble. The load reduction through grounded rubble was studied by
comparing the loads on the structure with similar events with floating rubble (Sudom
and Timco, 2009), or comparing the loads on the structure with the loads measured
at various points in the intact ice (Timco and Wright, 1999). The reduction in the
peak loads observed at the Molikpaq was in the range of 60 % to 80 % (Sudom
and Timco, 2009) and at Tarsiut Island approximately 85 % (Timco and Wright,
1999). The ice thickness reported at the Molikpaq and Tarsiut Island ranged from
0.7 m to 1.9 m, and the field data was collected over a long period of time, including
the effects of consolidation and multi-year ice sheets. For instance, Sayed (1989)
has reported an approximately 2.5 - 3 m thick consolidated layer of ice in grounded
rubble which has a larger stiffness and strength compared with loose rubble. Thus
it is likely to provide a more effective protecting buffer around the structure.
The simulations here only include freshly formed, non-consolidated rubble that
may behave differently from rubble with refrozen layers and multi-year ice when it
interacts with the seabed. Furthermore, the walls of the Molikpaq are inclined 82◦
from the horizontal plane above the water level and 67◦ from the horizontal plane
below the water level, and the walls of Tarsiut Island are vertical. Vertical or close to
vertical walls are known to induce higher loads on the structure, which may affect
the proportion of loads transmitted to the seabed and to the structure through
grounded rubble. According to the ISO standard (International Organization for
Standardization, 2008), the failure mode of the ice in shallow water may change
from crushing to bending failure or rubbling when the ice starts to fail against the
grounded rubble pile. Thus the buffer effect may be partly caused by the changed
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failure mode rather than the ice loads being carried by the seabed.
As expected, the simulations with no grounded rubble yielded maximum forces
that are in good agreement with the results obtained in the FEM-DEM simulations
on load transmission through the rubble in deep water by Paavilainen and Tuhkuri
(2012). The deep water results have been validated against laboratory tests and field
data and can therefore be regarded as a good reference. However, the simulation
results with no grounded rubble are significantly different from the loads measured
in the intact ice at Tarsiut Island by Timco and Wright (1999), even though they
should, in theory, be of similar magnitude according to the load balance assumption.
The loads measured in the intact ice at Tarsiut Island were in the range of 1.5 MN
to 3 MN when divided by the structure width to make them comparable with the 2D
loads, whereas the peak loads without grounded rubble in the simulations ranged
from 0.16 MN with the thin ice to 0.9 MN with the thick ice. It is not apparent what
causes this mismatch. It is suggested that it may be partly due to a measurement
technique that is not ideal for calculating loads in the ice. The forces in the ice were
estimated with strainmeters that were placed in the intact ice at various locations
around the caisson. According to Sanderson (1988), deriving forces from strainmeter
data should, however, be considered with caution as strainmeters are better suited
for studying ice deformations than forces.
Karulin et al. (2007) observed in model scale experiments that grounded rubble
may lead to both increased and decreased loads on the structure when compared
with deep water results. They found that the load increases at the initial stage of the
ice-structure interaction when the process is governed by the friction on the seabed
resisting the motion of rubble away from the structure, which increases the load on
the structure. The reported increases in the forces on the wall ranged from 20 % to
50 % when the loading through grounded and non-grounded rubble were compared.
This is in good agreement with the results obtained in the FEM-DEM simulations
with α = 45◦ (unfortunately, the inclination angle of the model in Karulin et al.
(2007) was not documented). They also observed that, as the amount of rubble
increased, the rubble pile became stationary. As a consequence, the load-increasing
effect of the grounded rubble ceased and the ice breaking process shifted to the
outer edge of the rubble pile. Similar behaviour was observed in the simulations
with D = 2.5 m, h = 1.25 m and α = 60◦. After the major load drop in the loading
sequence in Figure 31, the process shifted to the outer edge of the pile while the
rest of the pile remained immobile. However, in the simulations the pile eventually
became mobilised and new load events occurred. The experiments by Karulin et
al. (2007) may not have been long enough so that this would have been observed.
Furthermore, the properties of model ice are different from real sea ice, which may
affect the experiment results.
Laboratory experiments on ice-structure interaction against a vertical wall in
shallow water conducted by Timco et al. (1989) suggest that only small horizontal
forces are carried by the seabed. Timco et al. (1989) found that the portion of
the load carried by the seabed decreased with time as the total horizontal force
increased and a larger portion of the load was transmitted to the structure. This is
in agreement with the simulation results as the loads on the seabed BH were only
63
approximately 10 to 15 % of the loads on the structure SH .
Timco et al. (1989) used the rigid body assumption to estimate the maximum
values for the friction ratio BH/BV and obtained values ranging from 0.1 to 0.2,
which in good agreement with the friction coefficient µis = 0.1 used in the sim-
ulations. Furthermore, the corresponding friction ratio in the simulations varied
between -0.1 and 0.1. Therefore, it can be concluded that the force BH is caused by
friction.
Sayed (1989), and Timco and Wright (1999) report rubble piles that remained
firmly grounded throughout the winter period. This suggests that the friction co-
efficient between the seabed and the ice has been relatively high in the field. The
friction coefficient used in the FEM-DEM simulations was, however, relatively low
(µis = 0.1). Thus it is likely that the model could not predict the load reduction on
the structure due to an underestimated friction coefficient. During the peak loads,
the forces were, however, transmitted to the structure partly along the seabed, as
discussed in Section 4.3. Therefore, increasing the friction coefficient is expected to
increase the portion of the forces transmitted to the seabed.
It was shown in Section 4.1.2 that the wall angle affected the magnitude of the
peak loads throughout the simulations when the rubble was grounded. As shown
by Figure 26, the wall angle α = 60◦ induced higher loads on the structure than
α = 45◦ during the whole simulation run. However, in the FEM-DEM simulations
in deep water by Ranta et al. (2014), the inclination angle affected the loads only at
the initial stage of the simulation and lost its importance at later stages when the
ice started to fail against the rubble pile. It is suggested that the ice is subjected
to higher compression as it encounters the steeper wall, and the grounded rubble
provides support for the load transmission as will be discussed in the next section.
5.2 Load Records and Mechanics of the Load Events
The model experiments by Timco et al. (1989) and the simulations produce similar
load records. In the model experiments, the horizontal force on the wall underwent
several load events with gradual build-up and a sudden drop, as observed also in
the simulations (see Figure 23a). Similarly to the load records in Figures 23b and
23c, the forces on the seabed in the experiments had an increasing trend, with the
horizontal force changing its sign so that a sudden drop in the horizontal force led
to a negative value. In addition, careful inspection of the load records shows that
the load drops on the seabed in the laboratory experiment occurred simultaneously
with load drops measured on the wall, which is in agreement with the load records
of the simulations. Sudden load drops after a gradual increase of the load were also
seen in the force records of the model tests by Karulin et al. (2007).
The observations based on the simulations here suggest the following mechanism
leading to increase in the maximum ice load values: when the rubble is grounded, the
pile and the force chains are supported from below by the seabed and from above by
the rubble above the force chain (see Figure 41). The force chain is thus supported
from both sides and is therefore likely to sustain higher loads than a force chain in a
non-grounded rubble pile. In the case of non-grounded rubble, the force chains may
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more easily buckle downwards since the pile can freely move in the vertical direction
and the only vertical forces acting on it are the gravity and the buoyancy.
Furthermore, the average forces on the seabed, B¯V and ¯|BH |, increased as the
value of SmH increased, as shown in Figure 28. This increase is unexpected and
further suggests that the grounded rubble enhances the load build-up on the wall. It
appears that the supporting effect of the seabed dominates the load transmission and
outweighs the grounding resistance. Timco et al. (1989) made a similar observation
in laboratory experiments. According to them, the grounding resistance of the
seabed is exceeded as the force increases.
The simulations showed that the load events, when the force gradually builds up
and suddenly drops, are related to the so-called ride-up events as shown by Figures
29 and 30. In a ride-up event the advancing ice often pushes the rubble pile along
the seabed and up the structure wall. This occurs until the pile collapses, which is
seen as a sudden drop in the force records. The sudden load drops are related to
the buckling of force chains that transmit the forces to the structure, as has already
been observed in the simulations by Paavilainen and Tuhkuri (2013). No ride-up
events have been reported in field data or model scale tests in shallow water, but in
all reported cases the structures have either been vertical or close to vertical, or the
intact ice sheet has failed against a firmly grounded rubble pile (Timco and Wright,
1999).
5.3 Pile Geometry and Overtopping
The rubble pile widths reported in the field are generally longer than the w¯p values
at the end of the simulation, which suggests that the load reduction is related to
large buffer zones in front of the structure. As shown by Figure 39, the average
w¯p values from the simulations ranged from 41 m to 58 m in the cases without
predominant overtopping that occurred with D = 2.5 m, h = 1.25 m and α = 45◦,
whereas Timco and Wright (1999) reported pile lengths up to 150 m at Tarsiut
Island, and Sudom and Timco (2009) reported pile widths up to 50 m, 300 m and
600 m at different locations of the Molikpaq. The loads related to the longest, 300
m and 600 m, piles were 50 MN and 25 MN, respectively, which suggests that a
larger buffer zone reduces the loads on the structure more effectively. The rubble
in these cases accumulated in front of the structure over a long period of time and
remained grounded throughout the winter, and the ice was substantially thicker
than the ice used in the simulations. It is thus expected that similar pile widths
and load reduction would be observed if more ice was pushed against the structure
in the simulations. The geometry of the seabed and consolidation are also likely to
affect the rubble accumulation.
Palmer and Croasdale (2012) suggest that grounded rubble may provide support
for higher ride-up. Naturally, if the structure height is limited, this will lead to
increased overtopping as observed in the simulations (see Figure 40). As the water
depth in the simulations decreased, the probability of overtopping increased, and
intense overtopping in shallow water occurred by two distinct mechanisms. In the
shallowest water, the downward growth of the pile is prohibited by the seabed and
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the mechanism of overtopping is such that the ice advances to the structure as a
line of moving blocks that are kept aligned and pressed against the seabed by the
rubble on top of the advancing ice (see Figure 33).
In some cases, the ice advanced to the structure on top of grounded rubble as
shown by Figure 35. Similar behaviour was reported at Esso’s Caisson Retained
Island by Marshall et al. (1989) who reported a rubble building event where new
rubble overtopped existing rubble and pile heights up to 5 m were measured. It is
suggested that this phenomenon is at least partly enabled by the supporting effect
of the seabed. In shallow water, the rubble pile supports itself against the seabed
so that the advancing ice can climb on top of the pile. The ice advances to the
structure close to the water level and exerts high loads on the structure while the
rubble under the advancing ice remains stationary.
5.4 Occurrence of Grounding
When grounding occurred in the simulations, the water depth to ice thickness ratios,
D/h, were similar to the ratios measured in the field and in laboratory experiments
related to grounded rubble. The water depths D, ice thicknesses h and the ratios
D/h of the relevant experiments are collected in Table 2 to compare them with
the simulation results. In the simulations, grounding was observed with D ≤ 5
m and occasional grounding was observed when h = 1.25 m at D = 10 m, which
corresponds to a maximum ratio D/h = 10. The table shows that grounding in
the simulations here was observed with D/h ratios that are in good agreement with
laboratory experiments conducted by Karulin et al. (2007). Karulin et al. (2007)
report grounding in model experiments at water depths corresponding to 7.8 m when
converted to full-scale values and no grounding at water depths corresponding to
12.2 m. The ice thickness in the laboratory experiments corresponded to h = 0.8 m
Table 2: The D/h ratios of rubble piles in the simulations are in good agreement with
most of the ratios observed in laboratory and field experiments related to grounding.
D is the water depth and h is the ice thickness.
Experiment D [m] h [m] D/h Grounded
Simulations, max. D/h 5 0.5 10 Yes
Model scale experimenta 7.8 0.8 9.75 Yes
Model scale experimenta 12.2 0.8 15.25 No
Tarsiut Islandb,c 6 1 . . . 2.5 2.4 . . . 6 Yes
The Molikpaqc 13.4 1.9 7.1 Yes
The Molikpaqc 15.8 1.7 9.3 Yes
The Molikpaqc 19.5 1.5 . . . 1.8 10.8 . . . 13 Occasionally
ESSO’s CRId 9 0.2 45 Yes
a Karulin et al. (2007) b Timco and Wright (1999) c Sudom and Timco (2009)
dMarshall et al. (1989)
66
in full scale, yielding D/h ratios 9.75 and 15.25 for the grounded and non-grounded
rubble, respectively.
The observations made at Tarsiut Island (Timco and Wright, 1999; Sudom and
Timco, 2009) and at the Molikpaq (Sudom and Timco, 2009) are within the range of
the maximumD/h ratio for grounding observed in the simulations. When occasional
grounding was observed at the Molikpaq, the grounding ratio slightly exceeded the
maximum D/h in the simulations but is still in fair agreement with the simulation
results. A clear exception are the field observations at ESSO’s Caisson Retained
Island that yield grounding with D/h = 45 (Marshall et al., 1989). Grounding at
that high ratios could not be predicted in the simulations.
5.5 Applicability of the Results
It is desirable that in the FEM-DEM simulations, the smallest ice block size would
not be limited by the chosen discrete element size. However, with D = 2.5 m,
some parts of the ice sheet occasionally failed abruptly into a large number of ice
blocks with the size of one discrete element, as shown in Figure 32. The majority of
them fragment naturally in the rubbling process when the chain of ice blocks bends
towards the seabed and then steeply up when forced by the structure geometry.
Some of the smallest fragments are, however, occasionally formed by strong stress
waves that that propagate in the ice due to sudden impacts. This effect is clearly
pronounced in the shallowest water as the blocks hit the seabed instantly after
the rubble pile collapses, whereas in deeper water the viscosity of the water slightly
dampens the impact. One reason for this phenomenon might be that the dissipation
in the ice is not sufficient to attenuate the stress wave and thus the ice breaks into a
sequence of blocks that are the size of a discrete element when the wave propagates
through the ice sheet. The discrete elements are rigid and as such omit the elastic
behaviour of the ice. However, the fragmentation of the ice due to this phenomenon
does not largely affect the physical phenomena related to the process.
Unexpectedly, the grounded rubble did not lead to a load reduction in the sim-
ulations. Running the simulations with longer duration may reproduce results that
capture the load-decreasing effect of rubble grounding. According to a theoretical
model introduced by Marshall et al. (1991), the load on the structure is likely to drop
to zero over a long time period of ice-structure interaction. Field observations also
report negligible stresses on the structure when grounded rubble is present (Sayed,
1989; Marshall et al., 1989). The field observations are made over long periods of
time, usually during one winter. Furthermore, Karulin et al. (2007) observed that
in laboratory experiments the load decreased towards the end of the simulations,
which further supports that the simulation run time should be longer.
In addition, the model tests by Karulin et al. (2007) showed that the friction coef-
ficient between the ice and the seabed is a governing parameter in the ice-structure-
seabed interaction process. This further supports the notion that using a higher
friction coefficient in the simulations would produce results better corresponding
to the field observations on load reduction due to grounded rubble. Furthermore,
the geometry of the seabed in the model was relatively simple, and making it more
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complex by inclining it is likely to promote the load-decreasing effect of grounded
rubble.
It should be noted that the number of replicate simulations in this study was
relatively low. Only five simulations of each case were run with h = 1.25 m and
three simulations with h = 0.5 m. Scatter in the results is large making the results
subject to large alteration due to anomalies in individual results. Therefore, the
results should be considered with caution and more replicate simulations are needed.
Despite the large scatter, the simulation results produce similar physical phenomena
than observed in the field and in model scale tests.
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6 Conclusions
The main purpose of this study was to investigate ice-structure interaction in shal-
low water by using 2D FEM-DEM simulations. In the simulations, an intact ice
sheet was pushed against an inclined structure. The varied parameters included ice
thickness, water depth and the structure inclination angle, while the other model
parameters were chosen according to real sea ice properties.
The intact ice sheet was modelled as a sequence of discrete elements that were
joined together by nonlinear Timoshenko beam elements. The intact ice sheet be-
haved as linear elastic material and its fracture into smaller blocks was modelled
using the cohesive crack model. The linear elastic behaviour of the ice and its frac-
ture were modelled using the finite element method. The discrete element method
was used to calculate the contact forces of the ice blocks when they interacted with
each other, with the structure or with the seabed. The force and the contact data
of the interacting ice blocks was recorded to study the phenomena related to the
process. The investigated phenomena included the mechanics of the rubble de-
formations leading to maximum loads, the load transmission through the rubble,
overtopping and the pile geometry and its deformation.
Contrary to the initial assumption, the loads in the shallow water increased when
the rubble was grounded. The load increase ranged from 33 % to 92 % depending
on the ice thickness and inclination angle. The thicker ice and the larger wall angle
induced the highest loads on the structure (see Figure 26). The simulations could
not reproduce the load reduction observed in full-scale measurements but the results
were at least partly in agreement with laboratory tests. It is suggested that the load
increase here is caused by the support the grounded rubble and the seabed provide
for the advancing ice. Furthermore, it is likely that the disagreement between the
results is partly caused by the relatively low friction coefficient between the ice and
the seabed. The behaviour of the rubble in contact with the seabed is likely to
change with a higher friction coefficient.
The typical load records of the simulations yielded a pattern of repeated load
events where the force gradually built up and abruptly dropped as shown by Figure
23a. These were due to ride-ups described in Section 4.2.1: when the advancing ice
pushed the rubble pile along the seabed and up the structure wall, a gradual increase
in the load record was observed. The forces were transmitted to the structure
along force chains, which buckled when they reached their maximum load carrying
capacity. The buckling was observed as an abrupt load drop in the load record and
as a sudden collapse of the rubble pile.
The load pattern related to overtopping had several consecutive sharp load peaks
with a sudden load increase and a gradual load drop (see Figure 23a). As described
in Section 4.2.2, during this zigzagging load pattern, the ice advanced to the struc-
ture pressed against the seabed by the rubble on top of the advancing ice. The
sudden increase in the load was caused by the ice sheet being compressed against
the structure and being forced to turn to ride up along the structure. As the ice
turned to ride up the structure, the compression in the ice was released and an in-
creasing gap formed between the rubble and the lower corner of the structure. This
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was seen as a gradual load drop in the load record. The overtopping ceased in a
major load drop followed by a close-to-constant force on the wall. At the instant of
the major load drop, the rubble pile collapsed and extended far from the structure.
After this, it remained stationary in front of the structure, which was seen as the
constant force in the load record.
The probability of overtopping increased as the water depth decreased. Further-
more, the ice thickness and wall angle affected overtopping so that the probability
of overtopping increased with α = 45◦ and h = 1.25 m (see Figure 40). The thick ice
interacting with a 45-degree wall in the shallowest water led to significantly larger
amount of overtopped ice than the other simulation cases. The increased probabil-
ity of overtopping in shallow water is likely to be a consequence of the supporting
effect of the seabed. Furthermore, overtopping also occurred when the ice slid to
the structure on top of a grounded rubble pile as shown by Figure 35. In this case,
the grounded rubble clearly facilitated overtopping by supporting the advancing ice.
Naturally, when intense overtopping occurred, the rubble pile at the end of the
simulation was shorter when compared with the cases when rubble was grounded
but no overtopping occurred. As the water depth increased, the pile width decreased
and the pile grew vertically since the growth of the rubble pile was not constrained
by the seabed. The rubble was found to ground at water depths less than 10 m
regardless of the ice thickness or the inclination angle (see Figure 27), which is in
good agreement with the full-scale measurements.
Based on the results in this thesis, it can be argued that grounded rubble piles
in front of structures do not necessarily reduce loads on the structure. The effect of
grounding may, in fact, be load-increasing, especially if the duration of the interac-
tion is not extensively long. Extending the simulation run time may thus produce
results that bring out the load-reducing effect of the grounded rubble.
To further verify the simulation results, more replicate simulations would be
needed. Furthermore, the author believes that increasing the friction coefficient on
the seabed would yield results that are in better agreement with the field data. In
addition, a higher friction coefficient is likely to keep the rubble pile more firmly
grounded and prevent the whole pile being pushed along the seabed and up the
structure wall, as was seen in the ride-up events.
A natural follow-up to this project would be to run more simulations with the
suggested modifications and possibly with a more complex seabed geometry and
a higher friction coefficient. It would also be beneficial to conduct model scale
experiments to verify the simulations results. A thorough dimensional analysis on
the results could also reveal new trends regarding the phenomena studied in this
thesis.
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